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1 Introduction 
Complex metallic alloy phases (CMAs) represent a class of compounds, which have 
recently attracted much attention as materials. They encompass a broad variety of 
compounds characterized by: i) giant unit cells, comprising sometimes of more than 
thousand atoms; ii) inherent disorder such as substitutional disorder, constitutional 
vacancies and configurational disorder; and, iii) the presence of a cluster substructure. 
Quite often, several CMAs of the same system have nearly the same composition, i.e. 
making the phase diagrams complex [1]. Some prominent examples known in the 
literature, are β-Al3Mg2 containing 1168 atoms/ unit cell [2-4], Mg6Pd (396 atoms/u.c.
1) 
[5,6], NaCd2 (1152 atoms/u.c.) [7, 8], the “Bergman phase” Mg32(Al,Zn)49 (162 
atoms/u.c.) [9], and λ-Al4Mn (586 atoms/u.c.) [10]. The most interesting feature in the 
corresponding crystal structures is that they contain a large number of icosahedra, which 
play an important role in describing the structure in terms of its cluster substructure. This 
is in contrast with simple intermetallic compounds, whose unit cells, in general, comprise 
of only few numbers of atoms and coordination type polyhedra. The lattice parameters of 
the large unit cells and the dimension of the clusters define two physical length scales 
with important influence on the physical properties. For instance, useful properties such 
as magnetic effects, semi-conducting behaviour, thermoelectricity, high corrosion 
resistance, and hydrogen storage capacity have been recently observed in CMAs. 
Understanding why nature is able to stabilize complex atomic arrangements and the 
knowledge of the crystal structures as well as the chemical and physical behaviour of 
CMAs are of general interest to solid state chemistry and also materials engineering. The 
interest is focused on designing and improving modern materials. In our research group, 
the interest has been focused mainly on the crystal chemistry and the electronic structure 
of magnesium-based Mackay icosahedra type approximants in order to obtain reliable 
experimental information on the long-range order, the role of the valence electron 
concentrations, and the type of chemical disorder for the Mackay icosahedra. The alloys 
used are multicomponent systems, which contain, besides magnesium one transition 
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metal (Ag, Pd) and one main group element (Ga, Al). In search for approximants of 
Mackay icosahedra-type quasicrystals in the ternary systems Mg-Pd-Ga [11-14] and Mg-
Pd-Al [15-17], inconsistent crystallographic data have been obtained in the binary system 
Mg-Pd at the composition close to 80 at.% Mg. The Mg-Pd system is an example of a 
phase diagram with several complex intermediate phases close to the composition 
Mg4Pd. Thus, a systematic phase analytical study of the binary Mg-rich palladium system 
has been carried out in order to: (i) synthesize all approximants close to Mg4Pd, study 
their stability, and describe their crystal chemistry in terms of clusters; and (ii) 
reinvestigate the “more simple” Mg-Pd compounds by exploring their single phase-fields, 
their crystal chemistry, and physical properties. 
The present work is organized as follows: chapter two, which follows immediately, gives 
the background to cluster occurrence in the crystal structures of the Mg-rich compounds. 
The term cluster is used here and synonymously to “building block” or “fundamental 
structural unit”. Chapter three describes the methods used to synthesize and characterize 
the Mg-Pd alloys, whereas chapter four presents the results obtained in the current study 
in relation to results obtained in some recent works. The special focus, here, is the 
determination of the liquidus curve and the influence of heating rates on the temperature 
of invariant reactions and the liquidus. The description of the crystal structures of 
complex phases close to 80 at.% Mg including their phase equilibria constitutes chapter 
five. Especially, the focus is directed on the cluster substructures and the chemical 
disorder in order to understand the influence of these on the formation of the complex 
approximant phases. Chapter six follows to describe the crystal structure of the simple 
Mg-Pd compounds including their heterogeneous equilibria, and physical properties. 
Finally, chapter 7 summarizes the whole work and provides new perspectives. 
 
 
 
2 Complex Metallic Alloy Phases 
2.1 Introduction 
Many CMAs are conveniently classified and described in terms of a cluster concept. 
According to Steurer [18] and depending on the context, the term cluster may denote: (i) 
a structure motif, i.e. a purely geometrical pattern; (ii) a structural building block or 
fundamental structural unit sometimes even with some physical justification; (iii) a quasi-
unit cell (stable entity in the meaning given by Jeong & Steinhardt [19]); and (iv) a 
complex coordination polyhedron with some chemical stability. However, none of the 
above given definitions has been generally accepted [20]. Therefore, the meaning of a 
cluster in intermetallic compounds varies from scientist to scientist. However, and as far 
as we know, the description of CMAs is mainly based on a hierarchical approach; 
therefore, the term cluster is used here in the sense of a fundamental structural unit. In 
this approach, one has to describe: (i) how atoms form coordination polyhedra, (ii) how 
polyhedra are assembled into clusters; and (iii) how the clusters are linked in the crystal 
structures. This section describes some coordination type polyhedra and clusters 
occurring in the crystal structures of intermetallic compounds in the Mg-Pd system.  
2.2 Polyhedra 
In crystal chemistry the interest in polyhedra arises mainly because their vertices 
represent the positions of atoms surrounding the central atom. Structures can be classified 
according to coordination type polyhedra [21], but this classification is far from complete 
and quite often, they are not as effective or informative as other methods. Thus, it may be 
useful to describe crystal structures which simple coordination type polyhedra such as 
tetrahedra, octahedra, and trigonal prisms and how they are interconnected. The 
polyhedral network in intermetallic compounds is one of the main factors determining the 
possibility and extent of interaction between the metal atoms. Nevertheless, coordination 
type polyhedra have been chosen as the main classification principle, for example the 
2. Complex Metallic Alloys 
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Frank-Kasper phases in which the Frank-Kasper polyhedra CN12 (icosahedra), CN14, 
CN15, and CN16 [22, 23] play a dominant role. This is also the case for CMAs, where 
the most convenient description and classification is mainly based on the cluster concept. 
Several other coordination type polyhedra occur in the CMAs, which are studied in this 
work. In addition to the icosahedron, the most important types are as follows: 
• the truncated icosahedron (CN11) as shown in Fig. 2.1a is formed by omitting one 
atom from an icosahedron; 
• the polarly bi-capped pentagonal prism (CN12) as shown in Fig. 2.1b; 
• polyhedra obtained from the polarly bi-capped pentagonal prism by adding one 
(CN13, Fig. 2.1c) or two (CN14, Fig. 2.1d) atoms above the rectangular faces. 
Additionally, two Archimedean polyhedra as shown in Fig. 2.2 will be used during this 
discussion. Both polyhedra are frequently formed as shells surrounding smaller 
coordination type polyhedra: 
• the icosidodecahedron with 30 atoms; 
• the rhombic icosidodecahedron with 60 atoms. 
 
 
 
 
 
 
 
Fig. 2.1: Coordination type polyhedra frequently found in the crystal structures of compounds 
described in this work: (a) the truncated icosahedron; (b) the polarly bi-capped pentagonal prism; 
(c, d) polyhedra obtained from the polarly bi-capped pentagonal prism by adding one or two 
atoms above the rectangular faces. 
(d) (a) (b) (c) 
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Fig. 2.2: Two icosahedral Archimedean polyhedra: (a) icosidodecahedron with 30 atoms; (b) the 
rhombic icosidodecahedron with 60 atoms. 
2.3 Clusters in CMAs  
The following discussion is restricted to clusters which are related to intermetallic 
compounds presented in this work.  
2.3.1 The I3 cluster 
The I3 cluster, first mentioned in [24], represents a group of three vertex connected 
icosahedra (Fig. 2.3a), which can be connected by interpenetration (Fig. 2.3b) or by 
sharing faces (Fig. 2.3c). When the groups are connected by interpenetration, the 19-
atoms double icosahedron is formed, which is a structural unit of many decagonal phases 
[25, 26]. Usually, a bridge icosahedron is formed when two I3 clusters are connected by 
sharing common faces (Fig. 2.3d) [23]. The I3 cluster has proven to be useful for 
describing many crystal structures containing several hundred atoms in the unit cell. 
2.3.2 The I13 cluster and the Mackay-cluster 
The I13 cluster shown in Fig. 2.4g is an important example with the I3 cluster as a 
subunit. It is best described as a unit of 13 icosahedra. Twelve icosahedra are vertex 
connected to a central icosahedron, which in turn are vertex connected to each other. The 
ideal I13 cluster reveals icosahedral symmetry and contains 127 atoms distributed among 
five concentric shells. The first three shells form the Mackay icosahedron or the Mackay 
cluster (MI-55), which is composed of 55 atoms [27]. The innermost icosahedral cluster 
(a) (b) 
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is centred by one T2 atom; the first shell is an icosahedron of 12 M3 atoms, the second 
shell is an icosidodecahedron formed by 30 M atoms, and the outer shell is an 
icosahedron of 12 T atoms. The two last shells represent the rhombic icosidodecahedron 
(60 M atoms) and again an icosahedron (12 T atoms). The corresponding shells are 
shown in Fig. 2.4a-f.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 2.3: The I3 cluster and relevant connection types: (a) three vertex-connected icosahedra form 
an I3 cluster; (b) interpenetration of two I3 clusters via a double icosahedron of 19 atoms; (c) two 
I3 clusters connected by sharing faces; (d) a B-type connection. 
                                                  
2 transition metal 
3 main group metal 
(a) 
(c) (d) 
(b) 
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Fig. 2.4: Icosahedral shells of the I13 cluster (b-f) neglecting any kind of disorder and (b-d) 
representing the concentric shells of the Mackay icosahedron (MI). (a) 1 T (inner atom at the 
centre); (b) 12 atoms of type M (central icosahedron); (c) 30 atoms of type M 
(icosidodecahedron); (d) 12 atoms of type T (outer icosahedron); (e) the rhombic 
icosidodecahedron (60 atoms of type M), shell enclosing MI; (f) the twelve atoms of type T 
forming an icosahedron, each atom is capping the pentagonal faces of the rhombic 
icosidodecahedron; (g) the I13 cluster as a central icosahedron surrounded by twelve icosahedra. 
All icosahedra are vertex connected defining polarly bi-capped pentagonal prisms around the 
linked atoms.  
2.3.3 The pyrochlore unit and the L4 unit 
An arrangement of five octahedra with tetrahedral symmetry as shown in Fig. 2.5a 
represents a pyrochlore unit [28]. This group of octahedra plays an important role in 
many complex metallic alloys phases with octahedral and tetrahedral voids. It is closely 
(a) (b) (d) (c) 
(f) (g) (e) 
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related to the L4 unit, which represents a tetrahedral cluster of four vertex-sharing 
icosahedra introduced by Kreiner et al. [29] (Fig. 2.5b). The L4 unit can be also 
described as a pyrochlore unit with four attached icosahedra as shown in Fig. 2.5c. The 
crystal structures of many intermetallic phases can be described in terms of such kind of 
units. For example, the pyrochlore unit with one attached icosahedron as shown in Fig. 
2.5(c, e) is part of γ-brass structure. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 2.5: The pyrochlore unit and the L4 unit: (a) four vertex-sharing octahedra forming a 
pyrochlore unit; (b) L4 unit; (c) a tetrahedron of vertex-sharing icosahedra; (d) a skeleton 
of the L4 unit as shown in (b) and (c); (e) a pyrochlore unit and one attached icosahedron. 
(a) (b) 
(c) (d) 
 
(e) 
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2.3.4 The γ-brass unit and its augmented cluster 
The γ-brass unit consists of four interpenetrating icosahedra sharing a common 
tetrahedron. Such a cluster is shown in Fig. 2.6a [30]. The cluster contains 26 atoms and 
it is part of the γ-brass crystal structure. The augmented γ-brass or Pearce cluster [31] is a 
building block of four icosahedra in face contact with a central tetrahedron, and with each 
other. This cluster consists of 38 vertices and is shown in Fig. 2.6b. In the γ-brass 
structure these clusters are centred on a bcc lattice.  
 
 
 
 
 
 
 
 
 
Fig. 2.6: (a) the γ-brass unit is formed by four interpenetrating icosahedra sharing a common 
tetrahedron; (b) the augmented γ-brass unit or Pearce cluster represents a unit of four fused 
icosahedra enclosing a tetrahedron. 
(b) (a) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  
3 Experimental Methods 
3.1 Alloy preparation 
In the field of solid state chemistry, an important goal of the synthesis methods is to 
obtain single phase materials and high-quality single crystals of the compounds under 
investigation. Therefore, the preparation of intermetallic compounds must in general be 
performed in vacuum or under inert gas atmosphere to avoid any contamination. 
Moreover, working at elevated temperatures requires careful selection of suitable 
container materials. The container used has to be inert to the reactant materials, and, if 
gases are involved, it has to be constructed to withstand the resultant pressure. In the 
present work, Ta was used as the container material due to its ductility, strength, and ease 
of welding. A Ta-ampoule can also withstand up to approximately 30 atm. pressures. In 
order to avoid oxidation, the Ta tumble was always enclosed in an evacuated fused silica 
tube. Samples on a scale of 300 mg to 1000 mg were synthesized under dry argon in a 
glove box system (p(O2), p(H2O) < 1 ppm). Besides muffle furnaces of type Nabertherm 
L15, we used inductive heating techniques. Sealed and cleaned tantalum tubes were 
heated in an induction furnace (TIG 5/300, Hüttinger Elektronik, Freiburg). The high-
frequency induction furnace and the arc-welder (Migatronic Pilot 1500 HP) were set up 
in the glove box. Alloying of Mg and Pd without care tends to be rapid like an explosion 
due to the large electronegativity difference between the two components. The tantalum 
impurities resulting from the reaction of Pd and Ta at very high temperatures, can 
however be avoided by slowly heating and, by this, controlling the reaction. Another 
problem is the high vapour pressure of Mg which raises difficulties in controlling the 
chemical composition. However, the weight loss during the melting and annealing 
processes in the weld-sealed Ta-ampoules was kept within 0.2 wt.%. Single crystals 
suitable for X-ray diffraction investigations were usually obtained from the crushed 
samples. The starting materials were thoroughly mixed and slowly heated until a 
homogeneous melt was obtained. Then, after solidification and appropriate heat 
treatment, the samples were finally quenched into cold water after shattering the quartz 
glass ampoule. 
3. Experimental Methods 
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3.2 The melt-centrifugation method 
A more suitable method to obtain large single crystals of incongruently melting 
compounds is the melt-centrifugation technique. This method was established by 
Boström [32] at our institute. Here, crystals of suitable size are grown from a melt flux 
and after some time the remaining melt is separated from the single crystal by 
centrifugation. However, for successful crystal growth the shape of the corresponding 
two-phase field liquid-solid must be known. Otherwise one has to proceed by trial and 
error. In this work, the temperatures of the invariant reactions were obtained by thermal 
analysis. The starting materials were loaded into a Ta container (Plansee AG, Austria, Ø 
= 10 mm, l = 30 mm), which was equipped with a strainer made of a Ta cup (Plansee 
AG, Austria, Ø = 8 mm) on top of a support of a Ta tube (Plansee AG, Austria, Ø = 8 
mm, l = 10 mm). The average mass of a sample was chosen between 300 mg and 500 mg. 
The tantalum ampoules were encapsulated in evacuated fused silica tubes and inserted 
into quartz wool insulated cylindrical containers made of stainless steel (Fig. 3.1). The 
container was kept in a furnace at the desired temperature for several days. In the furnace 
the filter was placed at the top and the reaction product at the bottom of tantalum 
container. At the end of the reaction, the steel container was turned around and 
transferred into a centrifuge within 10 s. The solid crystals were sieved out from the melt 
during centrifugation. Finally, the sample was quenched in cold water after shattering the 
quartz ampoule. 
3.3 Chemical analyses 
The goal of any synthesis is to obtain as much pure product as possible. This requires 
careful planning and much effort at the beginning to insure the purity of all reactants and 
clean container. For these reasons, all tantalum ampoules were first cleaned with aqua 
regia, washed with distilled water thoroughly, dried and then, heated under dynamic 
vacuum to remove traces of moisture. Mg (chips or granules, 99.99%, Chempur) and Pd 
(foils or granules, 99.99% and 99.95% respectively, Chempur) were used as starting 
materials.
3.3. Chemical Analysis 
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Fig. 3.1 Part of experimental set-up of the melt-centrifugation method: The steel cylinder and its 
contents (see centrifuge bucket 1) having specific mass (m) is kept upside down in the furnace in 
order to keep the reaction product at the bottom of the Ta-ampoule opposite to the sieve. At the 
end of the reaction, the steel container is turned upright again and quickly moved into the brick 
insulated centrifuge bucket (1). The mass of both centrifuge buckets (1) and (2) must be balanced 
before centrifugation. After centrifugation, the quartz ampoule is quickly taken off from the steel 
container and quenched in cold water.  
 
The non-metallic trace elements N, O, H and C of the starting materials and of the 
annealed samples were determined quantitatively by chemical analysis in order to 
eliminate any possibility of contamination before and during the preparation. The carrier 
gas hot extraction or the combustion technique were used for determination of non-metal 
impurities (H: Leco RH-402; N, O: Leco TC-436 DR; C: Leco C-200 CHLH). To check 
the final composition of Mg and Pd of the annealed alloys as well as the tantalum 
impurities, Inductively Coupled Plasma-Mass Spectrometry was used (ICP-MS, Varian). 
All impurities of the starting materials and the annealed samples were below the limit of 
detection. The samples weighing per determination were approximately 50 mg with the 
following limits of detection (LOD) given in parentheses: N (100 ppm), O (500 ppm), H 
(40 ppm), C (100 ppm), and Ta (50 ppm). For further characterization of the heat treated 
alloys with respect to their composition atomic emission spectrometry with plasma 
Ta-ampoule (φ: 10 mm)
Quartz wool insulation
Brick insulation
Stainless steel cylinder
Reaction product (solid)
Melt
Ta strainer
Quartz Tube
Ta-ampoule (φ: 8 mm)
Centrifuge bucket
water
C
en
tr
if
ug
e 
bu
ck
et
(2) (1)
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excitation (ICP-OES, Varian, and Vista RL) was used. The deviations between the 
nominal and the experimental determined compositions were smaller than 0.1 at.% for all 
samples listed in Table 4.4. 
3.4 X-ray diffraction analyses 
X-ray powder diffraction data and X-ray single crystal diffraction data were used for 
qualitative and quantitative phase analyses. 
3.4.1 X-ray powder diffraction 
All samples of the present investigation were characterized by X-ray powder diffraction 
using an imaging Plate Guinier Camera (HUBER G670, Cu Kα1 radiation (λ = 154.059 
pm), 6 × 30 min. scans, 8o ≤  2θ ≤ 100o). Mg-rich alloys with metallic lustre were 
exposed to air at ambient temperature for more than one week to ascertain their stability. 
Any colour- or surface-change was observed under a microscope. Likewise, the samples 
were measured to determine any weigh changes. When the crystals were stable in open 
air the samples were ground in an Agate mortar and homogeneously dispersed on a flat 
Mylar foil which was initially coated with paraffin. An aluminium holder was used as 
sample holder. The powder diffraction intensities, as well as peak search, indexing and 
calculation of diffraction patterns were carried out with the STOE WinXPow package 
[33]. The calculated diffraction pattern of each known phase was superimposed on the 
experimental pattern for identification reasons. Peak search, indexing, and least-squares 
refinements of cell parameters were performed using the program PPLP of the 
crystallographic program package NRCVAX [34]. LaB6 (National Institute of standards 
& Technology (NIST) SRM 660a, a = 415.692(1) pm) or Si (NIST SRM 640c a = 
543.119(1) pm) powder were added as internal standards to the samples and used for the 
refinements of the unit cell parameters. 
3.4. X-ray Diffraction Analysis 
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3.4.2 X-ray single crystal diffraction  
X-ray single crystal diffraction is the most outstanding tool to study the crystal structure 
of any compound. In most cases, the crystal quality was first checked by Laue 
photographs before data collection. 
Good-quality single crystals were mounted on a diffractometer. The crystallographic data 
were collected at 295 K using a Rigaku AFC7 CCD diffractometer equipped with a 
Mercury detector or a MSC-Rigaku R-Axis Rapid diffractomer with graphite-
monochromatized and Mo Kα radiation (λ = 71.069 pm). The data acquisition, extraction 
and reduction, the Lorentz-polarization and numerical absorption correction were 
performed using the program Crystal-Clear [35]. The crystal shape was refined with the 
program X-SHAPE [36] using sets of equivalent reflections extracted from the data set. 
The structure solution was performed by Direct methods using SHELXS-97 [37] and 
SIR92 [38]. The structure refinement was done using full-matrix least square refinements 
on F2 with the aid of the program packages SHELXL-97 [37] and JANA 2000 [39]. For 
comparison with other structure types, the structure data were standardized with the 
program STRUCTURE TIDY [40]. The volumes of the coordination type polyhedra were 
calculated using the program DISPOW of the crystallographic program package 
NRCVAX [34]. The powder patterns were analyzed by the Rietveld refinement methods 
using the programs GSAS [41] in the EXPGUI [42] environment, and JANA 2000 [39]. 
The parameters defining the crystal quality Rint and the quality of the structure 
refinements R1, wR2, and Goodness of Fit (GooF) are given as follows: 
 
Rint = 
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; and  where  
n: number of reflections 
*: mean of symmetry-equivalent reflections 
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Fo: observed structure factor 
Fc: calculated structure factor 
σ: standard deviation 
p: number of refined parameters 
w : weighting parameter, usually based on the counting statistics of the intensities Ihkl:  
])()(/[1 222 bPaPFw o ++= σ   with )]0,max(2[3/1
22
oc FFP = . 
The weighting scheme used by JANA2000 takes the form: )]()(/[1 22 oo FaFw += σ . 
The anisotropic temperature factor is defined as follows: fT,anis = exp [-2π
2 (U11h
2
a*2 + 
U22k
2
b*2 + U33l
2
c*2 + U12hka*b* + U13hla*c* + U23klb*c*)]. 
The structures were visualized carefully and analyzed using the program DIAMOND 
version 3 [43]. 
3.5 Thermal analyses 
DTA (Difference Thermal Analysis) and/or DSC (Difference Scanning Calorimetry) 
measurements (STA 449C, thermocouple type S; HT-DSC 404C, Netzsch) were 
performed in argon atmosphere to determine the temperatures of the liquidus and the 
solidus curves as well as the invariant reactions on sufficient amounts (80−150 mg) of 
powdered samples weld-sealed in niobium crucibles under dry flowing argon (purified 
with Oxysorb). Temperature calibration was performed by 5 elemental melting standards 
in the temperature range 370–1470 K. Heating and cooling rates of 2 K/min, 5 K/min, 10 
K/min and 20 K/min have been applied in order to check the reliability of the results in 
the temperature range 25 oC to 1300 oC. The highest heating rate improves signal 
strength, but decreases peak separation and vice versa. 
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3.6 Metallographic analyses 
Prior to the quantitative examination of phases existing in different alloys, metallographic 
examinations were performed. All specimen based on alloys with high contents of 
magnesium subjected to metallographic examinations were prepared in an argon box. 
Pieces of about 3–5 mm diameter were embedded in epoxy resin. Grinding was 
performed using fixed abrasive papers (silicon carbide, grit sizes 45, 20, and 10 µm) and 
paraffin oil as lubricant. Polishing was done in steps using a slurry of 6-, 3-, 1-, and 1/4- 
micron diamond powders in paraffin oil. The microstructures were examined with 
polarized light and scanning electron microscopy (Zeiss Axioplan 2 and SEM Philips 
SL30). The microstructures were further analyzed by EDXS (Philips XL30 with 
integrated EDXS) and WDXS (Cameca SX 100). The accuracy of EDXS analysis was 
between 0.3–1 at.%. 
3.7 Specific density determinations  
In order to carefully examine the results of the single crystal structure refinements   
density measurements have been carried out. The mass density of single phase samples of 
about 60–100 mg was measured at ambient temperature with a helium gas pycnometer 
(AccuPyc 1330, Micromeritics).  
3.8 Electrical resistivity measurements 
The electrical resitivity of polycrystals was measured by means of a standard sapphire die 
cell (dc) by the van-der-Pauw method in the temperature range between 4 K and 320 K. 
The contacts were made by pressing soft Pt spheres into the sample. All manipulations 
and measurements were carried out in an argon-filled box with an integrated cryostat for 
temperature control. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
4 The Mg-Pd phase diagram 
4.1 Previous investigations 
The phase diagram of the Mg-Pd system has already been investigated several times in a 
number of studies by means of microstructural investigations and X-ray methods. Several 
intermediate phases have been more or less well characterized [44]: Mg6Pd, Mg4Pd, 
Mg3Pd, Mg5Pd2, MgPd3, and MgPd in two modifications. Kripyakevich [45] examined 
more carefully the phase diagram close to 50 at.% Mg and found that the two 
modifications reported by Ferro [44] represent the two compounds MgPd (CsCl type) 
and Mg0.9Pd1.1 (AuCu type). No crystallographic data are reported for Mg4Pd. Moreover, 
informations about the phase equilibria between the above mentioned phases were not 
available. Later on, an equilibrium phase diagram was proposed by Savitskii [46] based 
on mass density, micro hardness, thermal, microstructural, and X-ray investigations. 
Recent works on the Mg-Pd phase diagram have been summarized by Nayeb Hashemi et 
al [47]. So far, no structural information on Mg4Pd was given until Spiekermann reported 
the complex phase Mg306Pd77 (Mg3.97Pd) [48]. Several other binary phases MgPd2, 
MgPd3, Mg3Pd5 were synthesized and characterized in the palladium-rich part of the Mg-
Pd system by Wannek et al [49]. All data known prior to this work, i.e. the 
crystallographic data, the unit cell parameters and the type of invariant reactions for each 
equilibrium phase of the Mg-Pd phase diagram are compiled in Tables 4.1, 4.2, and 4.3, 
respectively. The phase diagram according to references [47, 49] is shown in Fig. 4.1.  
 
Table 4.1: Crystallographic data of equilibrium phases in the Mg-Pd phase diagram known prior 
to this study. 
Phase Compositional 
range (at.% Mg) 
Pearson  
symbol 
Space  
group 
Structure 
 type 
Reference 
Mg 100 − 99 hP2 P63/mmc Mg [46, 47] 
Mg6Pd 87 − 85 cF396 F 4 3m Mg6Pd [5, 44] 
Mg306Pd77 79.9 oC1532 Cmma Mg306Pd77 [48] 
Mg3Pd               76 − 75 hP24 P63/mmc  Na3As [44, 47] 
Mg5Pd2 74 − 71 hP28 P63/mmc  Co2Al5 [44, 47, 50, 51] 
MgPd  53 − 46 cP2 Pm 3m CsCl  [44, 45, 47] 
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Table 4.1: continued 
Mg0.9Pd1.1 45.0 tP2 P4/nmm CuTi [44, 45] 
Mg3Pd5 37.0 oP16 Pbam Ge3Rh5 [49] 
MgPd2 33.0 oP12 Pnma Co2Si [49] 
MgPd3 25.0 tI16 I4/mmm Al3Zr [49] 
Pd 25 − 0 cF4 Fm 3m Cu [46, 47] 
 
 
Table 4.2: The unit cell parameters of equilibrium phases in the Mg-Pd phase diagram known 
prior to this study. 
Phase Phase 
designation (*) 
Composition 
(at.% Mg) 
a /pm b/pm c/pm Reference 
Mg α 100 320.93  521.07 [52] 
Mg6Pd β 85.8 2010.8   [5] 
Mg306Pd77 ε 79.9 2805.4(6) 2806.2(6) 3838.7(8) [48] 
Mg3Pd               η 75.0 461.3  841.0 [44] 
Mg5Pd2 θ 71.4 866.0  816.9 [51] 
MgPd  ι 50.0 317.0   [45] 
Mg0.9Pd1.1 κ 45.0 303.0  342.0 [45] 
Mg3Pd5 λ 37.5 542.70(2) 105.88(5) 413.04(2) [49] 
MgPd2 µ 33.3 416.73(2)  801.29(3) [49] 
MgPd3 ν 25.0 392.26(7)  156.53(4) [49] 
Pd ξ 0 389.01   [52] 
(*) as used in the present work. 
 
 
Table 4.3: Heterogeneous equilibria in the Mg-Pd system [47, 49]. 
Reaction Reaction type Temperature (oC)           
L =4 Mg Melting 650 
L = Mg + Mg6Pd Eutectic 540 
L + Mg4Pd = Mg6Pd Peritectic 700 
L + Mg3Pd = Mg4Pd Peritectic 790 
L + Mg0.9Pd1.1 = Mg3Pd Peritectic 1130  
Mg3Pd + MgPd = Mg5Pd2 Peritectoid 450 
Mg3Pd + Mg0.9Pd1.1 = MgPd  Peritectoid 700  
L = Mg0.9Pd1.1 Congruent melting 1350  
Mg0.9Pd1.1 + MgPd3 = MgPd2  Peritectoid 630 
Pd + Mg0.9Pd1.1  = MgPd3  Peritectoid 705 
L = Pd + Mg0.9Pd1.1  Eutectic  1280 
L = Pd Melting 1555 
                                                  
4 In this work always given as      
cooling 
heating 
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Fig. 4.1: The assessed Mg-Pd phase diagram [47, 49], prior to this work. 
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4.2 Overview of the Mg-Pd alloys used for phase analytical studies 
In order to redetermine the Mg-rich part of the Mg-Pd system, a number of alloys with 
various compositions has been synthesized and characterized. These alloys are listed and 
numbered in Table 4.4 according to decreasing Mg-content. For each alloy information 
on the heat treatment, the observed phases prior and after DTA/DSC runs and the mode 
of cooling of the samples are given. As-cast alloys mean that liquid alloys were either 
quenched in cold water by shattering the quartz glass ampoule or cooled down to room 
temperature with cooling rates higher than 50 oC/h. The table is presented as an overview. 
Details are described in the corresponding subsections. 
 
Table 4.4: An overview of all Mg-Pd alloys used in this work. The alloys are numbered according 
to decreasing nominal content of Mg. Information on the heat treatment, observed phases prior 
and after DTA/DSC runs and cooling modes (w.q.m.: quenched, s.c.d.: slowly cooled down) are 
given as well. α, β, ε, η, θ, κ, and λ denote phases according to Table 4.2. γ, δ, ζ, ι are new 
phases which are discussed in the forthcoming sections. MCM: melt centrifugation method; θ*, 
κ*, δ*, γ*, ζ*, and ε*: phases existing only in traces (<< 1%); L: liquid.  
No.  Mg                      
(at.%) 
nomi- 
nal                       
Heat-          
treatment                   
temperature             
(oC)
Phases observed                                           
by XRPD, SEM,                 
EDXS                                                               
Phases in                                              
the XRPD                                
after
DTA/DSC      
Cooling   
mode
Fig. (metallography, 
XRPD, DTA/DSC) 
1 98.0  As-cast α + β α + β  w.q.m. 8.36-1 
2 94.0 As-cast  α + β α + β  w.q.m. 8.37-2 
3 92.0 As-cast α + β α + β  w.q.m. 8.38-3 
4 91.0 As-cast α + β α + β  w.q.m. 8.39-4 
5 90.0 As-cast α + β α + β  w.q.m. 8.40-5; 4.7a; 8.20 
6 90.0 500 α + β α + β  w.q.m. 8.41-6; 5.5b  
7 88.0 As-cast α + β α + β  w.q.m. 8.42-7 
8 88.0 600 (MCM) L/α + β α + β  w.q.m.  
9 87.0 As-cast β β w.q.m. 8.43-9 
10 86.0 600 (MCM) L/β  β  w.q.m. 8.44-10 
11 88.0 530 α + β α + β w.q.m. 5.5a 
12 87.3 530  β β w.q.m. 5.4; 8.78 
13 86.7 530 β β w.q.m.  
14 86.3 530  β β w.q.m. 8.45-14; 5.2, 3; 8.36 
15 85.3 530  β β w.q.m. 5.4 
16 83.0 530 β + ε β + γ w.q.m. 5.7; 8.22 
17 85.0 As-cast β β w.q.m. 8.46-17 
18 84.0 As-cast β + γ β + γ w.q.m. 8.47-18 
19 83.0 As-cast β + γ β + γ w.q.m. 4.7b; 8.48-19; 5.6 
20 83.0 600 (MCM) L/β + γ  w.q.m.  
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23
Table 4.4: continued. 
21 83.0 500 β + γ* + ε   β + γ  w.q.m. 8.49-21 
22 82.0 600 (MCM) L/β* + γ β + ε  w.q.m. 8.50-22; 5.24 
23 82.0 As-cast β* + γ   β + ε  w.q.m. 8.51-23; 5.20- 22 
24 82.0 500 β + γ* + ε     w.q.m. 5.23 
25 82.0 430 β* + γ + ε* + ζ*   w.q.m.  
26 81.0 As-cast γ + ζ* β + ζ + ε + 
η 
w.q.m. 8.52-26; 5.25 
27 81.0 500 β + γ* + ε    β + γ + ζ + 
ε + η  
w.q.m. 8.54-27; 5.26 
28 81.0 430 β* + γ + ε* + ζ*  w.q.m. 8.53-28 
29 80.0 600 (MCM) L  w.q.m.  
30 80.0 As-cast  γ + ζ + η   w.q.m. 5.37 
31 80.0 As-cast β + γ* + ε + ζ*   s.c.d. 5.38 
32 80.0 500 γ* + ε + ζ*    η + ζ + ε* 
+ β + γ  
s.c.d. 8.55-32; 5.39; 5.40;                                           
8.25 
33 80.0 430  γ* + ε* + ζ      w.q.m. 8.56-33 
34 79.0 As-cast γ* + ζ + η + θ*   w.q.m. 8.26 
35 79.0 As-cast ζ  + η   η + ζ s.c.d. 8.27 
36 79.0 575 ζ η + ζ  w.q.m. 8.57-36; 5.49; 5.50 
37 79.0 575 ζ η + ζ s.c.d. 8.28; 8.29 
38 79.0 580 (MCM) Crystals of ζ    w.q.m. 5.53 
39 79.0 500 ε* + ζ    w.q.m.  
40 79.0 430 γ* + ε* + ζ  η + ζ + ε*   w.q.m. 8.58-40 
41 78.0 As-cast γ* + ζ* + η + θ*   w.q.m. 8.30 
42 78.0 As-cast ζ + η   s.c.d. 8.31 
43 78.0 500 ζ + η η + ζ  w.q.m. 8.59-43; 5.51; 5.52 
44 78.0 430 ζ + η   w.q.m.  
45 76.0 As-cast γ* + ζ* + η + θ    w.q.m. 8.32 
46 76.0 As-cast  ζ + η   s.c.d. 8.33 
47 76.0 600 (MCM) Crystals of η  w.q.m.  
48 76.0 600 η + γ* + ζ*     w.q.m.  
49 76.0 500 ζ + η   w.q.m.  
50 75.0 As-cast γ* + η + θ*   w.q.m. 8.34 
51 75.0 As-cast η + θ* η + θ s.c.d. 8.35 
52 75.0 600 η + θ* η + θ w.q.m. 8.60-52; 6.1; 6.2 
53 75.0 500 η + ζ* η + θ w.q.m. 8.61-53 
54 74.0 As-cast γ* + η + θ   w.q.m. 4.7c 
55 74.0 As-cast η + θ  s.c.d.  
56 74.0 670 (MCM) Crystals of θ  w.q.m.  
57 74.0 600 η + θ  η + θ w.q.m. 8.62-57; 6.3; 6.4 
58 74.0 500 η + θ  η + θ w.q.m. 8.63-58 
59 74.0 430 η + θ   w.q.m. 8.40 
60 73.5 600 η + θ   w.q.m.  
61 73.0 As-cast γ* + θ   w.q.m.   
62 73.0 As-cast θ   s.c.d.  
63 73.0 600 θ   w.q.m.  
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Table 4.4: continued. 
64 73.0 500 θ   w.q.m.  
65 73.0 430 θ  θ w.q.m. 8.64-65; 8.37 
66 72.5 600 θ  w.q.m.  
67 72.0 710 (MCM) L/θ  θ  w.q.m. 8.65-67 
68 72.0 As-cast θ   w.q.m. 6.10 
69 72.0 600 θ θ  w.q.m. 8.66-69; 6.11; 6.12 
70 72.0 500 θ    w.q.m.  
71 72.0 430 θ  w.q.m.  
72 71.5 600 θ  w.q.m.  
73 71.0 As-cast θ + κ*  w.q.m.  
74 71.0 600 θ + ι  w.q.m.  
75 71.0 500 θ + ι  w.q.m.  
76 71.0 430 θ + ι  w.q.m.  
77 70.5 600 θ + ι  w.q.m.  
78 70.0 As-cast θ + κ  θ + κ  w.q.m. 4.7d; 6.13 
79 70.0 600 θ + ι  θ + κ  w.q.m. 8.67-79; 6.13; 6.14 
80 70.0 500 θ + ι  w.q.m.  
81 70.0 430 θ + ι   w.q.m. 6.14 
82 69.0 As-cast θ + κ  θ + κ  w.q.m.  
83 66.7 As-cast θ + κ  θ + κ  w.q.m. 6.23 
84 66.7 650 ι + θ* + κ*  θ + κ  w.q.m. 8.68-84; 6.24; 6.25 
85 66.7 600 ι + θ* + κ*  θ + κ  w.q.m. 8.69-85; 6.23 
86 66.7 500 ι + θ* + κ*   w.q.m.  
87 64.0 As-cast θ + κ   w.q.m.  
88 64.0 600 ι + κ   w.q.m.  
89 64.0 500 ι + κ   w.q.m.  
90 60.0 As-cast θ + κ   w.q.m.  
91 60.0 800 (MCM) Crystals of κ  w.q.m. 6.35 
92 60.0 800 θ + κ   w.q.m. 6.26; 6.27 
93 60.0 700 θ + κ   w.q.m. 6.26 
94 60.0 600 ι + κ  θ + κ  w.q.m. 8.70-94; 6.26; 6.28 
95 60.0 500 ι + κ   w.q.m. 6.26; 8.39 
96 53.0 As-cast θ + κ   w.q.m.  
97 53.0 600 ι + κ  θ + κ  w.q.m. 8.71-97 
98 53.0 500 ι + κ   w.q.m.  
99 51.0 As-cast κ + λ  w.q.m.  
100 51.0 800 κ  λ  w.q.m. 8.72-100; 6.34 
101 50.0 As-cast κ + λ  w.q.m.  
102 50.0 800 κ   w.q.m.  
103 47.0 As-cast κ + λ  w.q.m.  
104 47.0 800 λ + κ    w.q.m.  
105 45 As-cast λ + κ   w.q.m.  
106 45 800 λ + ?  w.q.m.  
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4.3 The liquidus curve of the Mg-rich palladium phase diagram 
In order to check the reliability of the temperature of the invariant reactions obtained by 
DTA/DSC measurements occurring in the Mg-rich palladium phase diagram, the 
influence of the heating rate was studied. Alloys with nominal composition of 98 at.% 
Mg (No. 1), 94 at.% Mg (No. 2), 86 at.% Mg (No. 10), and 73 at.% Mg (No. 64) were 
chosen to study the influence of different heating and cooling rates 2 K/min, 5 K/min, 10 
K/min, and 20 K/min, respectively. The endothermic peaks recorded for samples No. 1 
and No. 2 are shown in Figs. 4.2 and 4.3, respectively. Further examples are shown in 
Figs. 8.73 and 8.74 in the appendix 8.7.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 4.2: Selected results of the study of the influence of heating rates (2, 5, 10, and 20 K/min) 
during DSC measurements performed on the as-cast alloy containing 98 at.% Mg (No. 1). The 
two endothermic peaks correspond to the eutectic reaction L = α  + β and the liquidus. 
2 K/min 
5 K/min 
10 K/min 
20 K/min 
DSC (mW/mg) 
Mg98Pd2 as-cast 
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Fig. 4.3: Selected results of the study of the influence of heating rates (2, 5, 10, and 20 K/min) 
during DSC measurements performed on the as-cast alloy containing 94 at.% Mg (No. 2). The 
two endothermic peaks correspond to the eutectic reaction L = α + β and the liquidus 
 
In Ref [53, 54], the basic problems and deficiencies giving rise to systematic and 
statistical errors during DTA/DSC experiments are pointed out. It is well known that 
DTA/DSC instruments are not suited for absolute measuring of the dynamic data. For 
2 K/min 
5 K/min 
10 K/min 
20 K/min 
DSC (mW/mg) 
Mg94Pd6 as-cast 
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instance, heat and heat flow rate are measured dynamically, i.e. the experiments are not 
performed in thermodynamic equilibrium. Therefore, the experimental DTA/DSC results 
are always influenced by errors from different sources such as the sample studied 
(impurities, composition control, sample mass, side reaction, deviation from equilibrium, 
supercooling and superheating etc.) and the setting of the instrument used, such as heat 
flow rate and heat (peak area) calibrations, scanning rate, temperature range, thermal 
resistances, etc. Consequently, several precautions have to be taken into account when 
carrying out the determination of the phase diagram. Herein, we mainly highlight the 
influence of the heating rate on the temperature of invariant reactions and the liquidus in 
the Mg-Pd system.  
The influence of the heating rate on the onset and peak temperatures is discussed here for 
alloys Mg98Pd2 (as-cast, No. 1), and Mg94Pd6 (as-cast, No. 2). The experimental data plots 
for Mg86Pd14 (annealed at 530 
oC, No. 14) and Mg73Pd27 (annealed at 430 
oC, No. 64) are 
shown in Fig. 8.73 and 8.74 in the appendix 8.7. Fig 4.2 shows the DSC curves for 
Mg98Pd2 for various heating rates (2, 5, 10, 20 K/min). Two endothermic peaks were 
recorded during heating for each run. The first peak corresponds to the eutectic reaction L 
= α + β, the second one to the liquidus point. For details see section 5.2. In Fig. 4.4, the 
peak onset temperatures Te of the eutectic reaction L = α + β are plotted as a function of 
the heating rate. Extrapolation to the heating rate zero yields Te (Hr → 0) which should be 
close to the static case, i.e. the equilibrium temperature. It is observed that the onset 
temperatures of the eutectic reaction (L = α + β) for both alloys converges to 539(1) oC 
and 538.5(1) oC. Both values obtained by extrapolation are within the expected errors of 
the onset temperature, caused by the remaining errors, e.g., at 5 K/min. Therefore onset 
temperatures for the eutectic reaction are always reported as the 5 K/min value. The peak 
maximum of the liquidus increases strongly with increasing heating rate. In Fig. 4.5, the 
peak maximum temperatures Tp of the liquidus are plotted as a function of the heating 
rate for sample No. 1. Extrapolation to the heating rate zero yields Tp (Hr → 0), i.e. 631 
oC. This value is still close to that obtained with the heating rates of 2 and 5 K/min, i.e. 
631 oC and 634 oC, respectively, but is far away from the values obtained with 10 and 20 
K/min.  
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Fig. 4.4: The extrapolated peak onset temperature Te of the eutectic reaction (L = α + β) obtained 
from Mg98Pd2 (as-cast, No. 1) and Mg94Pd6 (as-cast, No. 2) as a function of the heating rate (Hr), 
and construction of Te (Hr → 0). 
 
 
 
 
 
 
 
 
 
 
 
Fig. 4.5: Plot of the peak maximum temperatures Tp for the liquidus point at nominal composition 
for Mg98Pd2 (No. 1) as a function of the heating rate (Hr), and construction of Tp (Hr → 0).  
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In this work, a heating and cooling rate of 5 K/min was used as a compromise. Since the 
task was to reinvestigate the phase relationships of intermediate phases in the Mg-rich 
Palladium phase diagram, it was important to redetermine the liquidus curve in this part 
of the system. As-cast and annealed alloys with composition 0.50 ≤ xMg ≤ 1 were 
analysed by DSC, X-ray powder diffraction, chemical analysis, and metallographic 
methods including SEM/EDXS. In addition to conventional techniques, the melt 
centrifugation method was also used to check the upper and lower temperature of the 
melt at selected compositions.   
Fig. 8.36-1 to Fig. 8.72-100 (appendix 8.7) show all important DTA/DSC curves 
obtained for the various alloys analysed in the region 0.50 ≤ xMg ≤ 1. Temperatures Te, Tp, 
and T for heating and cooling are given in the plots. Not all temperatures in the plots are 
thermodynamically meaningful, and the last digit is not a measure of the precision. The 
values for the melting temperature for the alloys obtained from the peak maxima for the 
liquidus curve are listed in Table 4.5. It was possible to determine the general shape of 
the liquidus curve from 100 to 66.7 at.% Mg as shown in Fig. 4.6. This was done using 
the DSC measurements supported by a number of different observations such as 
microstructural investigation, and X-ray powder diffraction. Details are discussed in the 
forthcoming sections. Especially, the microstructural investigation of alloys in the 
minimum points of the liquidus curve give rise to four eutectic points in the composition 
range from 66.7 to 98 at.% Mg as shown in Fig. 4.7.  
The first eutectic point is at 90.5(5) at.% Mg, and T = 539 oC (Fig. 4.7a) and corresponds 
to the eutectic reaction L = α + β (see section 5.2 for details). The composition of this 
eutectic point was determined by, both, the intersection of the liquidus curves of hypo 
and hypereutectic alloys and the solidus line, and additionally with the aid of EDXS 
analysis. The second eutectic structure at 83.0(5) at.% Mg (Fig. 4.7b) corresponds to the 
reaction L = β + γ and its composition was determined by microprobe analysis. The third 
eutectic situated at 80.5(5) at.% Mg (Fig. 4.7c) corresponds to the reaction L = γ + ζ. A 
Scheil-type solidification is assumed for as-cast alloys with nominal compositions 
ranging from 79 at.% Mg to 73 at.% Mg by rapid cooling from the melt. Therefore, the 
latter eutectic point is always observed in the samples. Finally, the composition of the 
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fourth eutectic structure (L = θ + κ, Fig. 4.7d) found at 69.0(5) at.% Mg was determined 
by EDXS analysis. 
However, some problems arise regarding the liquidus curve in the range of 65 to 50 at.% 
Mg. Here, the steep liquidus curve causes very flat peaks in the corresponding DSC 
curves. Sometimes they are fully suppressed. The determination of the liquidus curve in 
this part of the phase diagram was only feasible by using the melt centrifugation method. 
Here, an alloy with 0.56 ≤ xMg ≤ 0.65 melts above 700 
oC, and it was possible to separate 
the solid of the κ-phase from the melt. Knowing the composition of the solid and using 
the level rule one can deduce the composition of the melt. In this way the composition of 
the melt at 800 oC was determined from an alloy containing 60 at.% Mg. 
Further investigations are needed in order to complete the determination of the liquidus 
curve of the whole phase diagram. 
  
 
 
 
 
 
Table 4.5: Temperatures (Tp) of the last peak in the DTA/DSC. 
At.% Mg 100 98 94 92 90 88 87 86 85 
TP (
oC) 650 634 583 554  557 563  567 574 571 
At.% Mg 84 83 82 81 80 79 78 77 75 
Tp (
oC) 573  571 578 587  603  613  627  - 671 
At.% Mg 74 73 72 70 69 67 64 60 51 
  Tp (
oC)  685  696  696  - - 696  - - 1150 
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Fig. 4.7: Microstructure of Mg-Pd alloys showing eutectic structures in the Mg-rich part of the 
Mg-Pd system. (a) BSE image of Mg90Pd10 (No. 5) after DSC showing in (i) the eutectic structure 
(L = α + β, composition from EDXS: 90.5(5) at.% Mg, for 20 × 20 µm2) and in (ii) the β-phase. 
The α-phase appears dark and the β-phase (composition from EDXS: 87.7 at.% Mg, for 50 × 50 
µm2) bright. (b) BSE image of an as-cast alloy with 83 at.% Mg (No. 19) showing the eutectic 
structure (L = β + γ, composition from EDXS: 82.9(5) at.% Mg, for 50 × 50 µm2); the β-phase 
appears dark. 
  50 µm (b) 
(a) 
(ii) 
(i) 
(i) 
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Fig. 4.7 (continued): (c) BSE image of an as-cast alloy containing 74 at.% Mg (No. 54) showing 
(i) the primary phase θ, and (ii) the eutectic structure (γ + ζ). EDXS: θ: 71.4 (5) at.% Mg for 5 × 5 
µm2, eutectic: 80(5) at.% Mg for spot analysis; (iii) the η-phase (the domains are too small to be 
analysed); (d) BSE image of as-cast alloy with 70 at.% Mg (No. 78) showing (i): the eutectic 
structure (L = θ + κ, the κ-phase appears bright, composition from EDXS: 69.0 at.% for 5 × 5 
µm2) and (ii): the primary phase Mg5Pd2 (θ-phase). 
(d) 
(i) 
(ii) 
(i) 
(ii) 
(iii) 
(iii) 
(c) 

 
 
5 Crystal structure of the complex phases close 
to 80 at.% Mg 
5.1 Mg6Pd: The β-phase  
5.1.1 Introduction 
The existence of the intermetallic compound Mg6Pd, in the following called the β-phase, 
in the magnesium-palladium system was first reported by Ferro [44], who based on 
powder diffraction patterns and Laue photographs proposed a cubic face-centred crystal 
structure with unit cell parameters varying from a = 2006 pm to a = 2018 pm. The phase 
is of variable composition between 85 and 87 at.% Mg with 394 to 398 atoms per unit 
cell. He also suggested F 4 32, Fm 3m, and F 4 3m as possible space groups. Further 
investigations were then done by Savitsky [46] who reported unit cell parameters of about 
1000 pm, which turned out to be incorrect. The unit cell parameters reported by Westin (a 
= 2005.6 pm [50]) and Samson (a = 2010.8 pm at 85.9 at.% Mg content [5]) are in good 
agreement with those reported by Ferro [44]. The first crystal structure determination 
was done by Samson [5] and was based on X-ray single crystal diffraction data. He 
assigned F 4 3m as the space group and pointed out that the β-phase at 85.9 at.% Mg 
crystallizes with nearly 396 atoms per unit cell distributed over 14 crystallographically 
independent sites. Two of these sites are influenced by disorder (see Table 5.1 [5]). One 
of them, M1 at 16e was found to be randomly (mixed) occupied by 51% Mg and 49% Pd 
and the other site, Mg10 at 4a was partially occupied by 97% Mg. According to Savitsky 
and Nayeb et al [46, 47], the β-phase should form in a peritectic reaction at 700 oC from a 
phase close to the composition Mg4Pd and the liquid phase.  
The crystal structure of the β-phase was described by Samson [5] as being built from 
icosahedra, pentagonal prisms, and Friauf polyhedra, and being closely related to that of 
Na6Tl [55]. The basic building block in the latter structure consists of an aggregate of five 
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icosahedra arranged about a local fivefold axis whereas the basic buildings block of the 
β-phase is obtained by replacing one icosahedron in the aggregate by two tricapped 
trigonal prisms. This gives rise to a sixfold ring with respect to the palladium atoms (Pd1, 
Pd2 and Pd3) and a pentagonal prism at the centre formed by Mg atoms. Six sixfold rings 
interpenetrate one another to form a building block of 8 icosahedra, 12 tricapped trigonal 
prisms and 42 centred pentagonal prisms. A Friauf polyhedron is shared between four 
such structural units which are tetrahedrally arranged around the 4  inversion centre.  
Later on, the crystal structure of the β-phase was described by Andersson [56] on the 
basis of pyrochlore and Keggin units. Finally, Chabot et al [57-60] introduced the 
concept of nested polyhedra units to describe the same crystal structure. These clusters 
with the characteristic sequence of units of γ-brass, Ti2Ni, α-Mn, and Ti2Ni units are 
centred at the high-symmetry points along the body diagonal of the unit cell at (0, 0, 0), 
(1/4, 1/4, 1/4), (1/2, 1/2, 1/2), and (3/4, 3/4, 3/4), respectively.   
 
 
Table 5.1: Standardised fractional atomic coordinates and equivalent isotropic displacement 
parameters of Mg6.07Pd (85.9 at.% Mg); a = 2004.54(6) pm.); Uiso/Ueq (10
4 pm2). E.s.d.’s are given 
in parentheses; these data were published by Samson in a different setting [5].  
Atom   Site   s.o.f. x y z Uiso/Ueq 
Mg1 48h 1 0.04984 0.04984 0.15720 195(2) 
Mg2 48h 1 0.09903 0.09903 0.77812 176(2) 
Mg3 48h 1 0.10645 0.10645 0.28398 123(3) 
Mg4 48h 1 0.15605 0.15605 0.52391 124(2) 
Mg5 48h 1 0.19345 0.19345 0.01760 148(2) 
Mg6 24g 1 0.14280 1/4 1/4 112(3) 
Mg7 24g 1 0.63134 1/4 1/4 127(3) 
Mg8 24f 1 0.31482 0 0 146(3) 
Pd1 16e 1 0.15038 0.15038 0.15038 89(5) 
Pd2 16e 1 0.41790 0.41790 0.41790 99(6) 
Mg9 16e 1 0.55250 0.55250 0.55250 123(4) 
Pd3 16e 1 0.65653 0.65653 0.65653 91(6) 
M1  16e 0.51 Mg + 0.49 Pd 0.91868 0.91868 0.91868 172(2) 
Mg10 4a 0.97 0 0 0 305(21) 
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Several other Mg–rich transition metal (TM) compounds with an approximate 
composition Mg6TM (TM = Rh, Ir, and Ru) are known [61] to crystallize in the Na6Tl-
type structure, i.e. Mg44Rh7 [62], Mg44Ir7 [63], and Mg44Ru7 [64]. Here, the formula 
corresponds to the maximal Mg content, which means all disordered sites are occupied by 
Mg. However, a recent investigation of the Ir-Mg phase diagram leads to two phases 
close to the composition Mg6Ir. Mg29Ir4 [65, 66] is richer in magnesium than Mg44Ir7 [63] 
and can be regarded as an ordered variant of the Mg6Pd-type structure. 
The formula Mg6Pd has been coined by Samson [5]. From a crystallographic point of 
view the compositions Mg87Pd12 (M1 = Mg) or Mg83Pd16 (M1 = Pd) seem to be better 
suited.   
In order to understand the phase equilibria of the complex metallic alloy phases which are 
discussed in this work close to 80 at.% Mg, it was necessary to determine the 
homogeneity range of the β-phase. Therefore, finding the type of disorder, and explaining 
the homogeneity range for such a complex structure, has been the challenge in this part of 
the phase diagram. 
5.1.2 Alloy preparation 
The thermal stability of the β-phase was first investigated using the melt centrifugation 
method. According to the previous phase diagram shown in Fig. 4.1, it should be possible 
to grow crystals of the β-phase from sample No. 8 at 88 at.% Mg and 600 oC, because a 
two-phase field is expected at that composition. However, the results did not agree with 
the reported phase diagram. Only a melt was obtained after decantation (see Fig. 5.1). 
The X-ray powder diffraction revealed two phases, α and β, after solidification of the 
melt. After a DSC run, no change was observed in the X-ray powder diffraction pattern. 
A similar experiment was performed for sample No. 10 at 86 at.% and 600 oC. A 
homogeneous melt was obtained, and after solidification only the β-phase was observed 
in the X-ray powder diffraction pattern. This holds also for the same sample after a DSC 
run up to 700 oC. According to DSC measurements the melt process is finished at 563 oC 
and at 574 oC for Mg88Pd22 (No. 8) and Mg86Pd14 (No. 10), respectively. The reactions 
were repeated twice and within standard deviations the same results were obtained. These 
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results are in agreement with a congruent melting behaviour of the β-phase. Congruent 
melting is also supported by the shape of the liquidus curve of the β-phase and the two 
neighbouring eutectic points at lower and higher Mg content. A number of alloys with 
nominal composition varying from 98 at.% (No. 1) to 83 at. Mg (No. 21) were prepared 
by melting high purity elements in weld-sealed Ta containers jacketed in evacuated fused 
silica tubes to study the phase field of the β-phase in more detail. The alloys were heated 
slowly (20 oC/h) up to 700 oC, kept at that temperature for 3 h for homogenization, 
cooled down with 5 oC/h to 530 oC, held for 2 weeks for homogenization, and finally 
quenched into cold water. The as-cast samples were only heated up to the melt, held there 
for 3 hours, and after that, quenched into cold water. DTA/DSC measurements were 
carried out on the as-cast and annealed samples from 30 oC to 700 oC. 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 5.1: Details of the Mg-Pd phase diagram from 82-100 at.% Mg. : samples within solid 
two-phase fields; : single phase sample; ■: sample prepared by use of the melt 
centrifugation method and revealing only melt after centrifugation; ◊: temperature of 
invariant reactions; : liquidus temperature. 
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5.1.3 Heterogeneous equilibria 
The results of the phase analyses were obtained from difference thermal analysis, 
metallography, quantitative chemical analyses and X-ray powder/single-crystal 
diffraction experiments. For all samples containing the β-phase the results are listed in 
Table 5.2. 
 
 
 
Table 5.2: Results of the phase analytical studies for samples No. 1-21. 
No. 1: 98 at.% Mg, as-cast; DSC, 5 K/min, Fig. 8.36-1 and Fig. 4.2, two endothermic peaks, L = 
α + β, Te = 539 
oC, and L = α, Tp = 634 
oC; XRPD, α and β-phase prior and after DSC. 
No. 2: 94 at.% Mg, as-cast (No. 2a); DSC, 5 K/min, Fig. 8.37-2 and Fig. 4.3, two endothermic 
peaks, L = α + β, Te = 539 
oC, and L = α, Tp = 583 
oC; XRPD: α and β-phase prior and after 
DSC; Part of No. 2a was annealed at 530 oC and two weeks (No. 2b), a (β) = 2019.99(5) pm. 
No. 3: 92 at.% Mg, as-cast; DSC, 5 K/min, Fig. 8.38-3, one broad endothermic peak, L = α + β, 
Te = 540 
oC; XRPD, α and β-phase prior and after DSC. 
No. 4: 91 at.% Mg, as-cast; DSC, 5 K/min, Fig. 8.39-4, one broad endothermic peak, L = α + β, 
Te = 539 
oC; XRPD: α and β-phase prior and after DSC. 
No. 5: 90 at.% Mg, as-cast (No. 5a); DSC, 5 K/min, Fig. 8.40-5 and Fig. 4.7, one broad 
endothermic peak L = α + β, Te = 540 
oC; XRPD: α and β-phase prior and after DSC; ICP: 89.9 
at % Mg, EDXS: β: 87.8(5) at.% Mg for 20 × 20 µm2, Eutectic: 90.5(5) at.% Mg for 50 × 50 µm
2; 
the microstructure is shown in Fig. 4.7; part of (No. 5a) was annealed at 530 oC and two weeks 
(No. 5b): a (β) = 2019.90(6) pm.  
No. 6: 90 at.% Mg, at 500 oC and three weeks; DTA, 5 K/min, Fig. 8.41-6, two endothermic 
peaks, L = α + β, Te = 539 
oC and L = β, Tp = 557 
oC; XRPD: α and β-phase prior and after DSC; 
ICP: 89.9 at % Mg, EDXS: β: 87.3(5) at.% Mg for a spot analysis; the microstructure is shown in 
Fig. 5.5. 
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No. 7: 88 at.% Mg, as-cast; DSC, 5 K/min, Fig. 8.42-7, two endothermic peaks, L = α + β, Te = 
539 oC and L = β, Tp = 563 
oC; XRPD: α and β-phase prior and after DSC. 
No. 8: 88 at.% Mg, as-cast by the melt centrifugation at 600 oC; only a melt was obtained after 
centrifugation; XRPD after solidification: α and β-phase. 
No. 9: 87 at.% Mg, as-cast; DSC, 5 K/min, Fig. 8.43-9, one endothermic peak, L = β, Tp= 567 
oC; 
XRPD: β-phase prior and after DSC. 
No. 10: 86 at.% Mg, as-cast by the melt centrifugation at 600 oC; only melt was obtained after 
centrifugation, DSC, 5 K/min, Fig. 8.44-10; one endothermic peak, L = β, Tp = 574 
oC; XRPD: β-
phase prior and after DSC. 
No. 11: 88 at.% Mg, at 530 oC and two weeks; XRPD: α and β-phase, a (β) = 2019.85(6) pm; 
ICP: 87.9 at % Mg, EDXS: β: 87.1(5) at.% Mg for 30 × 30 µm2; the microstructure is shown in 
Fig. 5.5; composition for β from X-ray single crystal structure refinement: 87.4(1) at.% Mg.  
No. 12: 87.3 at.% Mg, at 530 oC and two weeks; XRPD: β-phase, a (β) = 2018.32(9) pm; ICP: 
87.2 at.% Mg EDXS: β: 86.8(5) at.% Mg for 30 × 30 µm2; composition for β from X-ray single 
crystal structure refinement: 87.2(1) at.% Mg.  
No. 13: 86.7 at.% Mg, 530 oC and two weeks; XRPD: β phase, a (β) = 2016.61(6) pm; ICP: 86.8 
at.% Mg; composition for β from X-ray single crystal structure refinement: 86.8(1) at.% Mg.  
No. 14: 86.3 at.% Mg, 530 oC and two weeks; DSC, 5 K/min, Fig. 8.45-14, one broad 
endothermic peak, L = β, Tp = 574 
oC; XRPD in Fig. 5.3: β-phase prior and after DSC, a (β) = 
2013.09(7) pm; ICP: 86.2 at % Mg; composition for β from X-ray single crystal structure 
refinement: 86.2(1) at.% Mg; the microstructure in Fig. 5.2 shows homogenous phase β; EDXS: 
β: 85.6(5) at.% Mg for 30 × 30 µm2.    
No. 15: 85.3 at.% Mg, 530 oC and two weeks; XRPD in Fig. 5.4: β-phase, a (β) = 2007.49(9) pm; 
ICP: 85.4 at % Mg, EDXS: β: 84.7(5) at.% Mg for 50 × 50 µm2; composition for β from X-ray 
single crystal structure refinement: 85.4(1) at.% Mg.  
No. 16: 83 at.% Mg, 530 oC and two weeks; XRPD in Fig. 5.6: β and ε-phase and γ-phase in 
traces, a (β) = 2004.5(9) pm; ICP: 83.1 at.% Mg; EDXS: β: 84.7(5) at.% Mg for a spot analysis; 
ε: 80.1(5) at.% Mg for a spot analysis; γ: 81.6(5) at.% Mg for a spot analysis; the microstructure 
5.1. Mg6Pd: The β-phase 
 
 
  
41
is shown in Fig. 5.7; composition for β from X-ray single crystal structure refinement: 85.0(1) 
at.% Mg.  
No. 17: 85 at.% Mg, as-cast; DSC, 5 K/min, Fig. 8.46-17, one broad endothermic peak, L = β, Tp 
= 571 oC; XRPD: β-phase prior and after DSC; composition for β from X-ray single crystal 
structure refinement: 85.3(1) at.% Mg, the single crystal was obtained after DSC experiment. 
No. 18: 84 at.% Mg, as-cast; DSC, 5 K/min, Fig. 8.47-18, one broad endothermic peak, L = β + γ, 
Te = 561 
oC; XRPD: β and γ-phase prior and after DSC.   
No. 19: 83 at.% Mg, as-cast; DSC, 5 K/min, Fig. 8.48-19, one broad endothermic peak, L = β + γ, 
Te = 560 
oC, two exothermic peaks at 542 oC and 537 oC; XRPD in Fig. 5.6: β and γ-phase prior 
and after DSC; ICP: 83.1 at.% Mg; EDXS: microstructure eutectic: 82.9(5) at.% Mg for 50 × 50 
µm2; the microstructure is shown in Fig. 4.7. 
No. 20: 83 at.% Mg, as-cast by the melt centrifugation at 600 oC; only the melt was obtained after 
centrifugation, XRPD: β and γ-phase. 
No. 21: 83 at.% Mg, 500 oC and three weeks; DSC, 5 K/min, Fig. 8.49-21, one broad 
endothermic peak, L = β + γ, Te = 559 
oC; XRPD: β and ε-phase and traces of γ prior DSC, β and 
γ after DSC. 
 
 
 
 
According to the results obtained from the as-cast and melt-centrifugation treated 
samples, the β-phase should melt congruently. This contradicts the work done by Savitsky 
[46] who reported a peritectic formation. However, further experiments on single phase 
samples of the β-phase annealed at 530 oC (No. 14) confirm the congruent melting 
behaviour without doubt. The microstructural examination (Fig. 5.2) revealed this sample 
(No. 14) to be single β-phase. The X-ray powder pattern prior and after a DSC 
measurement of sample No. 14 is shown exemplarily in Fig. 5.3. All Bragg peaks can be 
indexed using the cubic face-centred unit cell.  
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Fig. 5.2: Microstructure of Mg86.3Pd13.7 annealed at 530 
oC for two weeks (No. 14). (a) Light 
microscopy (bright field) showing the pure β-phase; (b) BSE image of same sample as in (a): 
single phase β, EDXS: 85.6(5) at.% Mg for 30 × 30 µm2.  
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Fig. 5.3: X-ray powder pattern of an alloy with 86.3 at.% Mg (No. 14) measured with Cu Kα1: (a) 
annealed at 530 oC for 2 weeks and quenched, pure β-phase; (b) same sample but after a DSC 
run: again pure β-phase. Reflection markers of the β-phase with a = 2013.09 pm are shown at the 
bottom. The inset is the enlarged part from 48-68o 2θ. 
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Alloys with nominal compositions in the range 87.3 to 85.3 at.% Mg (samples No. 12- 
15) were revealed to be pure β-phase (Fig. 5.4). The microstructural examination of an 
as-cast alloy with 90 at.% Mg (No. 5) revealed a eutectic structure (Fig. 4.7a) with a 
composition between 91 and 90 at.% Mg from EDXS analysis. This composition is in 
agreement with that obtained from the intersection of the liquidus curves and the solidus 
line. The DTA/DSC curves obtained from the as-cast and annealed alloys with the 
composition varying from 98 to 91 at.% Mg (samples No. 1 - No. 4) show a second 
endothermic peak with decreasing intensity (Fig. 8.36-1 to 8.39-4 in the appendix 8.7). 
These alloys are still hypoeutectic. However, in the range of 90 to 88 at.% Mg, the 
second endothermic peak increases (Fig. 8.40-5 to 8.42-7 in the appendix 8.7), again 
indicating that these alloys are hypereutectic. Two phases, α and β, were always obtained 
in the as-cast alloys in the compositional range from 98 to 88 at.% Mg. The 
microstructural examination of two specimen from this range (Mg90Pd10 at 500 
oC, No. 6 
and Mg88Pd12 at 530 
oC, No. 11) revealed also the α- and the β-phase (Fig. 5.5). 
Two phases (β and γ) were obtained in the X-ray powder patterns of the as-cast alloys 
with 84 at.% Mg (sample No. 18) and 83 at.% Mg (sample No. 19). Fig. 5.6a shows the 
XRPD pattern of sample No. 19 which is similar to that obtained after the DSC 
measurement. The microstructure of this sample is shown in Fig. 4.7b and reveals 
eutectic structure of the β- and the γ-phase. The γ-phase turned out to be a new phase. Its 
crystal structure and stability range are discussed in section 5.2. After heat-treatment at 
530 oC (see also sample No. 16) the sample No. 19 yields the two phases β and ε. The X-
ray powder pattern is shown in Fig. 5.6b and the microstructure (BSE image) in Fig. 5.7. 
The result is similar to that obtained from alloy No. 20 annealed at 500 oC at the same 
composition. The DSC curve obtained for sample No. 18 (Fig. 8.47-18 in the appendix 
8.7) revealed one endothermic effect on heating (onset at 560 oC) and one exothermic 
peak on cooling, whereas sample No. 19 produced one effect during heating (onset at 560 
oC) and two effects during cooling (Fig. 8.48-19 in the appendix 8.7). This is in 
agreement with eutectic between 83 and 84 at.% Mg. 
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Fig. 5.4: X-ray powder patterns (Cu Kα1) of the β-phase: (a) Mg85.3Pd14.7 (No. 15), a = 2007.49(9) 
pm; (b) Mg86.3Pd13.7 (No. 14), a = 2013.09(7) pm; (c) Mg87.3Pd12.7 (No. 12), a = 2018.32(9) pm. 
Reflection markers of β-Mg6Pd are calculated with a = 2007.49(9) pm. The inset is the enlarged 
part from 47-71o 2θ. 
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Fig. 5.5: (a) Microstructure (BSE image) of an alloy with 88 at.% Mg annealed at 530 
oC for two 
weeks (No. 11) showing a two-phase alloy: (i) Mg (α), (ii) β-Mg6Pd, EDXS: 87.1(5) at.% Mg for 
30 × 30 µm2; (b) Microstructure of an alloy with 90 at.% Mg annealed at 500 
oC for three weeks 
(No. 6) showing a two-phase alloy: (i) Mg (α), (ii) β-Mg6Pd, EDXS: 87.3(5) at.% Mg for a spot 
analysis. See also Fig. 4.7a showing the eutectic structure for the as-cast alloy. 
(b) 
(ii) 
(i) 
(a) 
(i) 
(ii) 
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Fig. 5.6: X-ray powder pattern (Cu Kα1) of Mg83Pd17 (No. 19): (a) in the as-cast alloy, the pattern 
reveals β-Mg6Pd and γ-Mg57Pd13; (b) same sample No. 19 but annealed at 530 
oC, the pattern 
shows now the β- and ε-phases; reflection markers for the ε-phase are not shown. The inset is the 
enlarged part from 49-71o 2θ. 
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Fig. 5.7: Microstructure (BSE image) of an alloy with 83 at.% Mg annealed at 530 oC for two 
weeks (No. 16). (i) β-Mg6Pd, EDXS: 84.7(5) at.% Mg for a spot analysis (ii) ε-Mg306Pd77, EDXS: 
80.1(5) at.% Mg for a spot analysis; traces of the γ-phase are indicated by arrows; EDXS: 81.6(5) 
at.% Mg for a spot analysis; this shows that the sample is not yet in equilibrium. 
  
The two last peaks are assigned to the liquidus and the eutectic reaction (L = β + γ). No 
traces of the ε-phase were observed in the X-ray powder pattern after DSC, which could 
indicate the decomposition of γ-Mg57Pd13. 
In summary, the most magnesium rich phase is represented by β-Mg6Pd, which melts 
congruently and forms two different eutectic alloys. The first one is at 90.5(5) at.% Mg 
together with Mg (α), and the second one is between 83 and at 84 at.% Mg together with 
γ-Mg57Pd13. The temperatures of the two invariant points are 539 
oC and 560 oC, 
respectively. 
According to the EDXS results the single phase field extends from 84.7(5) at.% Mg to 
87.1(5) at.% Mg at 530 oC. This result agrees very well with the composition of the phase 
(ii) 
(i) γ γ 
γ 
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boundaries obtained from the plot of the unit cell parameters, which shows approximately 
linear dependence with the magnesium content (Fig. 5.8). The unit cell parameters are 
listed in Table 5.3. In order to gain deeper insight into the relation between homogeneity 
range, crystal structure and disorder phenomena of β-Mg6Pd, six single crystals of β-
Mg6Pd obtained from samples No. 11 to No. 16 (in the compositional range from 88 at.% 
Mg to 83 at.% Mg) were examined in details. 
 
Table 5.3: Variation of the unit cell parameter of the β-phase (from alloys annealed at 530 oC) as 
a function of the Mg content (at.% Mg). 
xMg 94.0 (No. 2b) 90.0 (No. 5b) 88.0 (No. 11) 87.3 (No. 12) 
a (pm) 2019.99(5) 2019.90(6) 2019.85(6) 2018.32(9) 
xMg  86.7 (No. 13) 86.3 (No. 14) 85.3 (No. 15) 83.0 (No. 16) 
a (pm)  2016.61(6) 2013.09(7) 2007.49(9) 2004.5(9) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 5.8: Plot of the unit cell parameter a of β-Mg6Pd versus Mg content; the standard deviation is 
smaller than the size of the diamond symbol. 
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5.1.4 Crystal structure  
Another (different) way to describe the crystal structure of the β-phase is presented here, 
and is based on the crystallographic data published by Samson [5] listed in Table 5.1. As 
will be shown in the coming sections, the neighbouring phases belong to the class of 
Mackay cluster compounds. Here, it is shown that the β-phase can also be described as an 
arrangement of interpenetrating pentagonal face-sharing (distorted) Mackay clusters. The 
shells of the Mackay clusters are shown in Fig. 5.9a-c. 12 Mg atoms (3 Mg1 + 3 Mg3 + 3 
Mg5 + 3 Mg6) together with Pd1 at the centre form the inner icosahedron of the Mackay 
cluster. The next shell is an icosidodecahedron of 30 atoms (3 M1 + 6 Mg2 + 6 Mg3 + 6 
Mg4 + 3 Mg5 + 3 Mg6 + 3Mg8). Due to occupational disorder at the M1 position, the 
shell contains 28.5 Mg and 1.5 Pd atoms in average. The outer icosahedron of the 
Mackay cluster is build up by 6 Pd (3 Pd1 + 3 Pd2) and 6 Mg (3 Mg1 + 3 Mg7). The 
network of interpenetrating and pentagonal face-sharing distorted clusters is shown in 
Fig. 5.9d. The Mackay clusters are centred by Pd1 atoms at the positions of a diamond 
net of (Pd1)4 tetrahedra, thus forming an open framework of Pd1 atoms (Fig. 5.9e). Each 
Pd1 atom has 3 Pd1 neighbours at 570 pm and 3 Pd1 neighbours at 860 pm. The Mackay 
clusters at distances of 570 pm are interpenetrating, whereas those at distances of 860 pm 
share a pentagonal face of the icosidodecahedron. Both tetrahedral units of Mackay 
clusters are shown in Fig. 5.9f and 5.9g.  
The inner icosahedra of the pentagonal face sharing Mackay cluster form a truncated 
tetrahedron with Mg1 at the vertices, Mg10 at the centre and M1 atoms capping the four 
hexagons. This is shown in Fig. 5.9h. For clarity, two icosahedra are omitted. The 
remaining large voids of the Mackay clusters are filled by polyhedra formed from 24 Mg 
atoms. These polyhedra again are arranged at the positions of a diamond net of Pd4 units 
as shown in Fig. 5.9i. The two interpenetrating Pd4 networks are shown in Fig. 5.9j. One 
half of the Mg24 polyhedra contain tetrahedral units of face-sharing Pd2Mg12 icosahedra, a 
building block commonly known as a Pearce cluster. The other half of the Mg24 
polyhedra contain tetrahedral units of four PdMg9 tri-capped trigonal prisms as shown in 
Fig. 5.9i. The three different kinds of tetrahedral units are shown together in Fig. 5.9k, l 
(Pd1)4; m, n (Pd2)4; and o, p (Pd3)4. 
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Fig. 5.9 The three concentric shells of the Mackay icosahedron (MI)  centred by Pd1: (a) the first 
shell is an inner icosahedron built up by 3 Mg1 + 3 Mg3 + 3 Mg5 + 3 Mg6; (b) the second shell is 
a distorted icosidodecahedron (31 atoms) built up by 3 M1 + 6 Mg2 + 6 Mg3 + 6 Mg4 +  3Mg5 + 
3 Mg6 + 3 Mg8 + 1 Mg10; (c) the third shell is the outer icosahedron built up by 3 Pd2 + 3 Pd1 + 
3 Mg7 + 3 Mg1.  
(a) (b) 
(c) 
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Fig. 5.9 (continued): (d) packing of the MIs with interpenetrating and pentagonal face-sharing 
MIs; only the second shells of the MIs are shown in (b); (e) diamond net of (Pd1)4 tetrahedra. 
(8.6 Å) 
(5.7 Å) 
 
Pd1 
(d) 
(e) 
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Fig. 5.9 (continued): (f) four interpenetrating Mackay clusters centred by Pd1; (g) four fused 
Mackay clusters centred by Pd1; (h) four inner icosahedra of pentagonal face sharing MIs form a 
truncated tetrahedron with Mg1 at the vertices, Mg10 at the centre, and M1 capping the four 
hexagons; two icosahedra are omitted for clarity. 
(f) (g) 
(h) 
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Fig. 5.9 (continued): (i) arrangement of the remaining space-filling polyhedra at the nodes of a 
diamond net; (j) the diamond net of (Pd1)4 tetrahedra, and that of the centres of the Mg24 units. 
 
Pd2 
Pd3 
(j) 
(i) 
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Fig. 5.9 (continued): (k) a tetrahedral cluster of four vertex-sharing icosahedra (centred by Pd1) 
forming the L4 unit; (l) the skeleton of the L4 unit shown in (k); (m) a tetrahedral cluster of four 
fused icosahedra (centred by Pd2) called Pearce cluster; (n) the skeleton of the Pearce cluster; (o); 
a tetrahedral cluster of four vertex-sharing tri-capped trigonal prism (centred by Pd3); (p) the 
skeleton of the cluster formed in (o). 
 
5.1.5 Crystal structure refinement 
Single crystals obtained from a two-phase sample were first investigated. The atomic 
parameters reported by Samson [5] are listed in Table 5.1, and were used as a starting 
model. For averaging of symmetrically equivalent reflections, the least-squares 
refinement on F2 and the calculations of the Fourier maps SHELXL-97 [37] was used.  
(k) 
(l) 
(m) 
(n) 
(o) 
(p) 
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The crystal structure refinement for a specimen obtained from a two-phase sample (β + ε) 
with composition 83 at.% Mg (No. 16) yields 85.0 at.% Mg in good agreement with the 
composition obtained by EDXS of 84.7(5) at.% Mg. The refinement converged to R1 = 
0.035 and wR2 = 0.078. The 16e M1 site revealed mixed occupancy with 63% Pd and 
37% Mg. The occupancies of all atoms were then allowed to vary in successive runs and 
it was found that only the 48h site Mg1 was partially occupied with 83% Mg and Mg10 
with 93% Mg. Final difference Fourier syntheses revealed 1.953(1) and -0.809(1) e/Å-3 as 
largest residual peaks and holes, respectively. The highest residual peak is close to the 
48h sites Mg5. The isosurface of the electron density with 4 e/Å-3 for M1 and Mg10 
positions is shown in Fig. 5.10c. All results are quite similar to that reported by Samson 
[5]. There is only a minor discrepancy in the site occupation of the M1, Mg10 and Mg1 
sites. All relevant informations on crystallographic data and crystal structure refinement 
are listed in Table 5.4. The fractional atomic coordinates and the equivalent isotropic 
displacement parameters are listed in Table 5.5. 
The refinement of the crystal structure at the Mg-rich phase boundary, i.e. a specimen 
obtained from sample No. 11 at 88 at.% Mg with the same model shows significant 
residual peaks in the final difference Fourier maps. The remaining peak maxima (3.04 
e/Å-3) is at x, x, x with x = 0.9433. The distance to the closest atom M1 is 0.84 Å. The 
electron density for M1 can be described by an atomic split position (M1a and M1b) as 
shown in Fig. 5.10a. All tested single crystals obtained at the Mg-rich phase limit 
revealed the same features. A satisfactory structure refinement was obtained on the basis 
of the split atomic position M1a/M1b. The refinement converges to the values of R1 = 
0.02 and wR2 = 0.04. The highest residual peak in the Fourier synthesis is observed at 
0.820(2) e/Å-3. The Mg1 site is now fully occupied but the 4a site Mg10 is still only 
partially occupied with 69% Mg. The following restraints for the site occupancy factors 
(s.o.f.) of M1a, M1b and Mg10 have been introduced in the refinement to avoid too short 
distances: s.o.f. (Pd@ M1a) + s.o.f. (Mg@ M1a) + s.o.f. (Mg @ M1b) = 1 and s.o.f. (Mg 
@ M1b) + s.o.f. (Mg10) = 1. Only the assignments (Pd, Mg) @ M1a and Mg @ M1b 
result in the refined composition in agreement with the chemical composition of the β-
phase for all crystals under investigation. All relevant information on crystallographic 
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data and crystal structure refinements are listed in Table 5.4. The positional parameters 
and the equivalent isotropic displacement parameters are listed in Table 5.10. The single 
crystal structure determinations support a continuous change in chemical composition. 
Three crystallographic sites are affected by disorder: Mg1, M1, and Mg10. The fractional 
atomic coordinates and the equivalent isotropic displacement parameters for the 
intermediate crystal structure refinements are listed in Tables 5.6, 5.7, 5.8, and 5.9. The 
variation of the refined isotropic displacement parameters for all crystallographic sites for 
the β-Mg6Pd crystal structure with various compositions is plotted in Fig. 5.11. The 
variation of the site occupancy factors of Mg1, M1 and Mg10 with the Mg content in the 
crystal structure of β-Mg6Pd are listed in Table 5.11 and plotted in Fig. 5.12, 
respectively. The anisotropic displacement parameters and selected interatomic distances 
for all single crystals under investigations are given in Tables 8.1, 8.2 in the appendix 8.1. 
Isosurfaces for the electron density are shown exemplarily for the composition 
Mg86.8Pd13.2. The electron density at M1b is now diminished (Fig. 5.10b) compared to 
that at Mg87.4Pd12.6.  
 
 
  
 
 
 
 
 
 
Fig. 5.10: Isosurfaces of the electron density (4 e/Å3) at M1 and Mg10 in the crystal structure β-
Mg6Pd obtained from X-ray single crystal structure refinements: (a) at 87.4 at.%; (b) 86.8 at.%; 
(c) 85.0 at.% Mg.  
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Fig. 5.11: Refined isotropic displacement parameters for all crystallographic sites in the crystal structure of β-Mg6Pd as a function of composition 
(at.% Mg). All samples except that with 86.7 at.% Mg were heat treated in the same run (same series of samples) . 
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Table 5.4: Crystal data, details on data collections and structure refinements for β-Mg6Pd with various compositions. 
Sample (phase composition)  No. 11 (α +β) No. 12 (β) No. 13 (β) No. 14 (β) No. 15 (β) No. 16 (β + ε) 
Crystal data 
Alloy composition (at.% Mg) 88.0 87.3 86.7 86.3 85.3 83.0 
Refined composition (at.% Mg) 87.4 87.2 86.8 86.2 85.4 85.0 
Formula, Z Mg6.91Pd, 4 Mg6.79Pd, 4 Mg6.60Pd, 4 Mg6.24Pd, 4 Mg5.88Pd, 4 Mg5.67Pd, 4 
Formula weight (g/mol) 3423.70 3439.36 3467.39 3502.40 3538.36 3544.61 
Space group F 4 3m F 4 3m F 4 3m F 4 3m F 4 3m F 4 3m  
Unit cell parameter (pm)a)  2019.85(6)  2018.32(9) 2016.61(6) 2013.09(7) 2007.49(9) 2004.54(9)  
ρcal (g/cm
3) 2.760  2.779 2.811 2.852 2.905 2.923 
Volume (106 pm3) 8240.6(4) 8221.9(6) 8201.0(4) 8158.1(5) 8090.2(6) 8054.6(6) 
Crystal size (µm3) 75 × 80 × 90  90 × 130 × 180 40 ×150 × 190 40 × 60 × 100 65 × 65 × 90 65 × 75 × 95 
Data collection 
Diffractometer, monochromator Rigaku-AFC-7, 
Mercury CCD, 
graphite 
Rigaku-AFC-7, 
Mercury CCD, 
graphite 
Rigaku-AFC-7, 
Mercury CCD, 
graphite 
Rigaku-AFC-7, 
Mercury CCD, 
graphite 
Rigaku-AFC-7, 
Mercury CCD, 
graphite 
Rigaku-AFC-7, 
Mercury CCD, 
graphite 
Radiation Mo Kα Mo Kα Mo Kα Mo Kα Mo Kα Mo Kα 
Wave length (pm) 71.069 71.069 71.069 71.069 71.069 71.069  
Absorption correction multi -scan multi -scan multi -scan multi -scan multi -scan multi -scan  
Absorption coefficient, µ (mm-1)  3.332 3.378 3.460 3.587 3.740 3.816 
Tmax/Tmin 1.31 1.51 1.55 1.466 1.195 1.28 
F(000) 6435 6460 6507 6561 6616 6620 
Detector distance (mm) 42. 42 42. 42 42.09 42.42 42.42 42.42 
Scan mode  ω/ϕ ω/ϕ ω/ϕ ω/ϕ ω/ϕ ω/ϕ  
θ-range  (o) 2 - 33 2 - 33 2 - 33 2 - 33 2 - 33 2 - 33  
 
 
 
* For these two samples the site M1b does not exist, therefore the occupancy was not refined yielding one parameter less. 
a) From powder X-ray data  
 
 
 
 
 
Table 5.4 Continued 
Range in h, k, l 
-28 < h < 24 
-28 < k < 28 
-28 < l < 20 
-15 < h < 28 
-28 < k < 28 
-26 < l < 26 
-26 < h < 26 
-28 < k < 20 
-28 < l < 28 
-26 < h < 28 
-28 < k < 27 
-27 < l < 22 
-27 < h < 28 
-28 < k < 28 
-28 < l < 20 
-28 < h < 19 
-27 < k < 28 
-28 < l < 28 
No. of reflections/unique 16929/1237 16976/1236 17430/1237 17094/1216 16544/1213 17324/1213 
Reflections with I > 2σ(I)  1235  1235 1235 1212 1210 1208 
Rint 0.04 0.03 0.02 0.03 0.03 0.04 
Rσ 0.02 0.02 0.01 0.01 0.02 0.02 
Refinement 
No. of parameters 65 65 65 65 64* 64* 
R1/wR2 [I > 2σ(I)] 0.02/ 0.045 0.021/0.049 0.029/0.067 0.025/0.057 0.031/0.063 0.035/0.078 
R1/wR2 (all data) 0.02/ 0.045 0.021/0.049 0.029/0.067 0.025/0.057 0.031/0.063  0.035/ 0.078 
Goodness-of fit on F2 1.249 1.196 1.256 1.175 1.082 1.094 
Flack parameter 0.03(3) 0.03(3) 0.08(6) 0.00 0.015(3) 0.007(2) 
Max./min. of residual peaks 
(e/Å3) 
0.820(2)/                 
-0.497(2) 
0.599(6)/                  
-0.832(6) 
1.4(1)/                 
-1.7(1)                                          
0.70(1)/                     
-0.59(1)
1.455(1)/                     
-0.713 
1.953(1)/             
-0.809(1)                             
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Table 5.5: Fractional atomic coordinates and equivalent isotropic displacement parameters of 
Mg5.67Pd (85.0 at.% Mg), No. 16; a = 2004.54(6) pm.); Uiso/Ueq (10
4 pm2). E.s.d.’s are given in 
parentheses.  
Atom   Site   s.o.f. x y z Uiso/Ueq 
Mg1 48h 0.83(2) 0.0490(2) 0.0490(2) 0.1552(2) 292(9) 
Mg2 48h 1 0.0988(2) 0.0988(2) 0.7792(1) 235(6) 
Mg3 48h 1 0.1059(2) 0.1059(2) 0.2825(2) 208(6) 
Mg4 48h 1 0.1567(1) 0.1567(1) 0.5238(1) 172(5) 
Mg5 48h 1 0.1945(2) 0.1945(2) 0.0167(1) 310(7) 
Mg6 24g 1 0.1420(2) 1/4 1/4 181(7) 
Mg7 24g 1 0.6311(2) 1/4 1/4 191(7) 
Mg8 24f 1 0.3145(2) 0 0 195(8) 
Pd1 16e 1 0.1509(1) 0.1509(1) 0.1509(1) 127(2) 
Pd2 16e 1 0.4177(1) 0.4177(1) 0.4177(1) 157(2) 
Mg9 16e 1 0.5530(1) 0.5530(1) 0.5530(1) 159(9) 
Pd3 16e 1 0.6562(1) 0.6562(1) 0.6562(1) 140(2) 
M1  16e 0.629(3) Pd + 0.371(3) Mg 0.9185(1) 0.9185(1) 0.9185(1) 254(4) 
Mg10 4a 0.95(5) 0 0 0 310(9) 
 
 
 
Table 5.6: Fractional atomic coordinates and equivalent isotropic displacement parameters of 
Mg5.88Pd (85.4 at.% Mg), No. 15; a = 2007.49(9) pm); Uiso/Ueq (10
4 pm2). E.s.d.’s are given in 
parentheses 
Atom Site s.o.f. x y z Uiso/Ueq                
Mg1 48h 0.891(2) 0.04942(9) 0.04942(9) 0.15726(2) 292(6) 
Mg2 48h 1 0.09885(8) 0.09885(8) 0.77847(2) 247(5) 
Mg3 48h 1 0.10610(8) 0.10610(8) 0.28296(2) 197(4) 
Mg4 48h 1 0.15646(7) 0.15646(7) 0.52377(2) 177(3) 
Mg5 48h 1 0.19388(1) 0.19388(1) 0.01713(2) 268(5) 
Mg6 24g 1 0.14234(1) 1/4 1/4 171(5) 
Mg7 24g 1 0.63154(2) 1/4 1/4 191(6) 
Mg8 24f 1 0.31449(2) 0 0 206(6) 
Pd1 16e 1 0.15079(2) 0.15079(2) 0.15079(2) 134(2) 
Pd2 16e 1 0.41776(2) 0.41776(2) 0.41776(2) 160(2) 
Mg9 16e 1 0.55291(2) 0.55291(2) 0.55291(2) 164(7) 
Pd3 16e 1 0.65629(2) 0.65629(2) 0.65629(2) 143(2) 
M1 16e 0.548(3) Pd + 0.452(3) Mg 0.91842(4) 0.91842(4) 0.91842(4) 248(3) 
Mg10 4a 0.95(4) 0 0 0 340(3) 
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Table 5.7: Fractional atomic coordinates and equivalent isotropic displacement parameters of 
Mg6.24Pd (86.2 at.% Mg), No. 14; a = 2013.09(7) pm); Uiso/Ueq (10
4 pm2). E.s.d.’s are given in 
parentheses 
Atom Site s.o.f. x y z Uiso/Ueq                
Mg1 48h 0.944(9) 0.04998(7) 0.04998(7) 0.15792(2) 255(6) 
Mg2 48h 1 0.09888(7) 0.09888(7) 0.77739(2) 244(4) 
Mg3 48h 1 0.10631(9) 0.10631(6) 0.28367(2) 175(3) 
Mg4 48h 1 0.15600(6) 0.15600(6) 0.52408(8) 177(3) 
Mg5 48h 1 0.19358(7) 0.19358(7) 0.01769(9) 217(4) 
Mg6 24g 1 0.14306(1) 1/4 1/4 155(4) 
Mg7 24g 1 0.63178(2) 1/4 1/4 192(5) 
Mg8 24f 1 0.31481(2) 0 0 211(5) 
Pd1 16e 1 0.15063(2) 0.15063(2) 0.15063(2) 136(2) 
Pd2 16e 1 0.41785(3) 0.41785(3) 0.41785(3) 158(2) 
Mg9 16e 1 0.55279(9) 0.55279(2) 0.55279(2) 174(6) 
Pd3 16e 1 0.65640(2) 0.65640(2) 0.65640(2) 143(2) 
M1a 16e 0.394(3) Pd + 0.513(5) Mg 0.91829(5) 0.91829(5) 0.91829(5) 232(4) 
M1b 16e 0.093(4) Mg 0.9400(2) 0.9400(2) 0.9400(2) 232(4) 
Mg10 4a 0.907(4) 0 0 0 420(4) 
 
 
Table 5.8: Fractional atomic coordinates and equivalent isotropic displacement parameters of 
Mg6.60Pd (86.8 at.% Mg), No. 13; a = 2016.61(6) pm); Uiso/Ueq (10
4 pm2). E.s.d.’s are given in 
parentheses 
Atom Site s.o.f. x y z Uiso/Ueq               
Mg1 48h 0.977(11) 0.05039(9) 0.05039(9) 0.15908(1) 250(5) 
Mg2 48h 1 0.0989(1) 0.0989(1) 0.77707(2) 260(6) 
Mg3 48h 1 0.10641(9) 0.10641(6) 0.28393(2) 190(5) 
Mg4 48h 1 0.15588(8) 0.15588(8) 0.52418(2) 185(5) 
Mg5 48h 1 0.19389(9) 0.19389(9) 0.01787(2) 206(5) 
Mg6 24g 1 0.14347(2) 1/4 1/4 157(6) 
Mg7 24g 1 0.6321(2) 1/4 1/4 203(6) 
Mg8 24f 1 0.3150(1) 0 0 244(8) 
Pd1 16e 1 0.15062(2) 0.15062(2) 0.15062(2) 149(2) 
Pd2 16e 1 0.41789(3) 0.41789(3) 0.41789(3) 173(2) 
Mg9 16e 1 0.55261(2) 0.55261(2) 0.55261(2) 162(8) 
Pd3 16e 1 0.65635(3) 0.65635(3) 0.65635(3) 161(2) 
M1a 16e 0.256(3) Pd + 0.553(5) Mg 0.91835(9) 0.91835(9) 0.91835(9) 216(6) 
M1b 16e 0.192(4) Mg 0.9377(8) 0.9377(8) 0.9377(8) 216(6) 
Mg10 4a 0.809(4) 0 0 0 420(4) 
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Table 5.9: Fractional atomic coordinates and equivalent isotropic displacement parameters of 
Mg6.79Pd (87.2 at.% Mg), No. 12; a = 2018.32(9) pm); Uiso/Ueq (10
4 pm2). E.s.d.’s are given in 
parentheses. 
Atom Site s.o.f. x y z Uiso/Ueq        
Mg1 48h 1 0.05081(6) 0.05081(6) 0.16007(9) 223(3) 
Mg2 48h 1 0.0990(6) 0.0990(6) 0.77707(9) 239(4) 
Mg3 48h 1 0.10671(6) 0.10671(6) 0.28443(8) 168(3) 
Mg4 48h 1 0.15583(6) 0.15583(6) 0.52416(7) 171(3) 
Mg5 48h 1 0.19406(6) 0.19406(6) 0.01799(8) 182(3) 
Mg6 24g 1 0.14342(1) 1/4 1/4 146(4) 
Mg7 24g 1 0.6320(1) 1/4 1/4 195(4) 
Mg8 24f 1 0.3151(1) 0 0 211(5) 
Pd1 16e 1 0.15054(1) 0.15053(1) 0.15053(1) 136(1) 
Pd2 16e 1 0.41795(1) 0.41795(1) 0.41795(1) 156(1) 
Mg9 16e 1 0.55262(8) 0.55262(8) 0.55262(8) 163(5) 
Pd3 16e 1 0.65645(1) 0.65645(1) 0.65645(1) 144(1) 
M1a 16e 0.167(3) Pd + 0.527(5) Mg 0.9180(8) 0.9180(8) 0.9180(0) 227(6) 
M1b 16e 0.306(4) Mg 0.9386(4) 0.9386(4) 0.9386(4) 227(6) 
Mg10 4a 0.694(4) 0 0 0 420(3) 
 
 
Table 5.10: Fractional atomic coordinates and equivalent isotropic displacement parameters of 
Mg6.91Pd (87.4 at.% Mg), No. 11; a = 2019.85(6) pm); Uiso/Ueq (10
4 pm2). E.s.d.’s are given in 
parentheses. 
Atom Site s.o.f. x y z Uiso/Ueq     
Mg1 48h 1 0.0509(1) 0.0509(1) 0.1603(1) 211(3) 
Mg2 48h 1 0.0990(1) 0.0990(1) 0.7764(1) 239(4) 
Mg3 48h 1 0.1068(1) 0.1068(1) 0.2845(1) 163(3) 
Mg4 48h 1 0.1557(1) 0.1557(1) 0.5241(1) 169(3) 
Mg5 48h 1 0.1942(1) 0.1942(1) 0.0179(1) 178(3) 
Mg6 24g 1 0.1434(1) 1/4 1/4 146(4) 
Mg7 24g 1 0.6322(1) 1/4 1/4 193(4) 
Mg8 24f 1 0.3151(2) 0 0 210(5) 
Pd1 16e 1 0.1505(1) 0.1505(1) 0.1505(1) 136(1) 
Pd2 16e 1 0.4179(2) 0.4179(2) 0.4179(2) 157(1) 
Mg9 16e 1 0.5525(1) 0.5525(1) 0.5525(1) 165(5) 
Pd3 16e 1 0.6564(2) 0.6564(2) 0.6564(2) 143(1) 
M1a 16e 0.120(3) Pd + 0.574(5) Mg 0.9178(1) 0.9178(1) 0.9178(1) 223(7) 
M1b 16e 0.306(3) Mg 0.9387(3) 0.9387(3) 0.9387(3) 223(7) 
Mg10 4a 0.694(3) 0 0 0 410(3) 
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Table 5.11: Site occupancy factors of M1, Mg10, and Mg1 as a function of the Mg content in the 
crystal structures of β-Mg6Pd obtained from single crystal refinements. 
 Site occupancy factor (s.o.f.) 
Atom site Refined composition (at.% Mg) 
 87.4 87.2 86.8 86.2 85.4 85.0 
M1a: Pd 0.120(3) 0.167(3) 0.250(3) 0.394(3) 0.548(3) 0.627(3) 
M1a: Mg 0.574(5) 0.527(5) 0.515(3) 0.513(5) 0.452(3) 0.373(3) 
M1b: Mg 0.306(3) 0.306(4) 0.234(3) 0.093(4) 0 0 
Mg10 0.694(3) 0.694(4) 0.766(3) 0.907(4) 1 1 
Mg1 1 0.988(3) 0.977(5) 0.944(9) 0.892(9) 0.826(9) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 5.12: Site occupancy factors (s.o.f.) as a function of the Mg content (87.4, 87.2, 86.8, 86.2, 
85.4, 85.0 at.% Mg) for the crystallographic sites M1, Mg10, and Mg1. The composition was 
derived from the X-ray single crystal structure refinements. 
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5.1.6 Coordination type polyhedra of the β-phase 
The crystal structure of β-Mg6Pd reported by Samson [5] contains fourteen 
crystallographic different positions at the Pd-rich phase boundary. However, due to the 
disorder phenomena, i.e. an atomic split position obtained at the Mg-rich phase boundary, 
the number of independent sites in the crystal structure increases to a total of fifteen. 
Eighteen reasonable coordination polyhedra are obtained at the Mg-rich phase limit with 
d(Mg−Pd) and d(Mg−Mg) ranging from (267.3−313.1) pm and (278.0−355.0) pm, 
respectively. Whereas at the Pd-rich phase boundary, only fourteen coordination 
polyhedra occur with d(Mg−Pd) and d(Mg−Mg) ranging from (265.5−311.8) pm and 
(278−348.1) pm, respectively. All interatomic distances are listed in Table 8.2 (appendix 
8.1). In the crystal structure of β-Mg6Pd, each palladium atom takes a position at the 
centre of an icosahedron or of a tri-capped trigonal prism of magnesium atoms in such a 
way that there are no Pd−Pd contacts. Therefore, the palladium atoms are isolated from 
each other, implying a Pd−Pd internuclear separation of about 500 pm or more. Eighteen 
of the coordination type polyhedra are shown in Fig. 5.13. Mg1 has a coordination type 
polyhedron of CN13 or CN12, respectively, dependent of the ligands. In case that M1a is 
a ligand, M1b has to be omitted. Mg1 has a coordination type polyhedron CN13 with site 
symmetry m. The presence of M1b excludes that of M1a and Mg10 due to the distance 
criterion. Therefore, the coordination polyhedron Mg1 becomes CN12-type. The situation 
for Mg2 is similar. Two possible kinds of polyhedra can be generated depending on the 
probability to find the positions M1a or M1b. A bi-capped pentagonal prism is found for 
Mg3 (CN12), Mg4 (CN12), Mg5 (CN12), and Mg6 (CN12). The Pd1, Pd2, and Mg9 
atoms have the site symmetry 3m with magnesium and palladium atoms in icosahedral 
coordination. The coordination polyhedron of Pd3 is a tri-capped trigonal prism with the 
site symmetry 3m. Mg8 represents a polyhedron with CN14. Mg10 forms a disordered 
Friauf polyhedron (CN16) with site symmetry 4 3m. The hexagon faces of the Friauf 
polyhedra are capped by M1a or M1b. The centre of the polyhedron is occupied by Mg10 
or is empty. Mg7 shows polar bi-capped and equatorial bi-capped pentagonal prisms with 
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site symmetry mm2, respectively. The M1a and M1b polyhedra represent cubeoctahedra 
(CN10) and anti-cubeoctahedra (CN12), respectively, with the same site symmetry (3m). 
The volume of the Voronoi cells extends from 16.54 × 106 pm3 to 24.17 × 106 pm3 as 
listed in Table 5.12. The plot of the volumes of Voronoi cells of the coordination 
polyhedra of β-Mg6Pd with the Mg content is shown in Fig. 5.14.  It is observed that the 
volumes of the Voronoi cells of Mg1, M1a, M1b, and Mg10 atoms involved in the 
chemical disorder increases with the increasing Mg-content, whereas the volumes of the 
other atoms not involved in the chemical disorder remain more or less constant. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 5.13 Coordination type polyhedra in the crystal structure of β-Mg6Pd: Due to disorder the 
number of polyhedra is large than the number of crystallographic sites. However, only polyhedra 
with meaningful interatomic distances are shown.  
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Fig. 5.13: continued. 
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Table 5.12: Volumes of coordination type polyhedra (CP) and Voronoi cells (VC) in the crystal 
structure of β-Mg6Pd; the Mg content obtained from single crystal structure refinements are given 
in at.% for each sample; the coordination number (CN) for each atom is also given; all the 
volumes are given in 106 pm3.    
Atom   Volume 
 
No. 11, 
87.4  
No. 12, 
87.2  
No. 13, 
86.8  
No. 14, 
86.2  
No. 15, 
85.4  
No. 16, 
85.0  
CN 
CP 81.17 80.78 80.21 79.39 78.26 77.75 
Mg1 
VC 21.54 21.45 21.29 21.06 20.76 20.63 
13 
CP 72.75 72.44  72.01 71.31 - - 
Mg1 
VC 22.17 22.07 21.91 21.69 - - 
12 
CP 83.86 83.57 83.34 82.77 81.87 81.35 
Mg2 
VC 22.66 22.61 22.56 22.43 22.22 22.11 
13 
CP 66.66 66.54 66.63 66.45 66.22 66.20 
Mg3 
VC 20.16 20.14 20.17 20.12 20.04 20.02 
12 
CP 86.82 86.73 86.57 86.23 69.32 68.90 
Mg4 
VC 21.15 21.13 21.08 20.99 20.86 20.76 
12 
CP 79.76 79.52 79.43 78.98 78.02 77.43 
Mg5 
VC 21.64 21.58 21.55 21.44 21.20 21.06 
12 
CP 64.60 64.46 64.37 64.24 63.94 63.75 
Mg6 
VC 19.38 19.34 19.33 19.31 19.24 19.18 
12 
CP 88.69 88.64 88.38 88.11 87.43 87.05 
Mg7 
VC 22.64 22.61 22.54 22.47 22.27 22.17 
14 
CP 89.04 89.00 88.85 88.59 88.38 88.30 
Mg8 
VC 22.75 22.73 22.69 22.62 22.55 22.52 
14 
CP 62.28 62.13 62.08 61.88 61.67 61.70 
Pd1 
VC 17.03 16.99 16.97 16.92 16.86 16.87 
12 
CP 64.33 64.27 64.26 64.08 63.91 63.83 
Pd2 
VC 17.49 17.48 17.48 17.43 17.39 17.38 
12 
CP 66.13 66.13 66.02 65.88 65.77 65.67 
Mg9 
VC 18.56 18.56 18.53 18.50 18.48 18.46 
12 
CP 42.38 42.39 42.27 42.17 42.12 42.07 
Pd3 
VC 16.60 16.60 16.56 16.53 16.54 16.54 
9 
CP 58.29 57.79 57.10 56.09 54.44 53.44 
M1a 
VC 21.64 21.41 21.23 20.91 20.34 20.01 
10 
CP 80.34 79.75 79.02 77.85 76.06 75.11 
M1a 
VC 21.16 20.98 20.78 20.45 19.92 19.61 
13 
CP 80.19 79.63 79.10 76.59 - - 
M1b 
VC 24.17 24.01 23.85 23.10 - - 
12 
CP 107.91 106.98 104.88 102.73 99.43 97.49 
Mg10 
VC 23.25 23.04 22.61 22.22 21.57 21.19 
16 
 
 
 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 5.14: Plot of volumes of the Voronoi cells of coordination type polyhedra in the crystal structure of β-Mg6Pd obtained from various single 
crystal structure refinements. (a) Atoms involved in the chemical disorder: Mg1, M1a, M1b, Mg10; (b) atoms not involved in the disorder.   
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5.1.7 On the nature of disorder 
From the analysis of a total of six single crystal structure refinements, the following 
intricate patterns of disorder are observed. At the palladium-rich phase boundary, the M1 
positions are randomly occupied by 63 at.% Pd and 37 at.% Mg. The Mg10 sites are fully 
occupied whereas the Mg1 positions are only partially occupied with s.o.f. (Mg1) = 0.83. 
The Mg5, Mg1 and M1 positions display unusual large thermal displacement parameters 
as illustrated in Fig. 5.11. However, the thermal displacement parameter of Mg10 is now 
smaller but still higher compared to those of the former positions. The isotropic thermal 
displacement parameters of the remaining positions are more or less constant. The defect 
structure is nearly equal to that reported by Samson [5]. 
At the Mg-rich phase border, the M1 sites reveal an electron density distribution 
corresponding to an atomic split position M1a and M1b. The M1a site with s.o.f. = 0.69 is 
randomly occupied by 17 at.% Pd and 83 at.% Mg. The M1b site is partially occupied by 
Mg with s.o.f. (M1b) = 0.31. The Mg10 site is partially occupied with s.o.f. (Mg10) = 1– 
s.o.f. (M1b). The thermal ellipsoids of Mg5, Mg1 and M1 are now much smaller (see Fig. 
5.11), whereas the ellipsoids of Mg10 is much larger. The development of the electron 
density at M1 and Mg10 going from 87.4 to 85.0 at.% Mg supports a continuous change. 
The variation of the site occupation factors (s.o.f.) for Mg1, M1, and Mg10 with the 
increasing content of Mg in the crystal structure of Mg6Pd is shown in Fig. 5.12.  
An interpretation of the observed electron density at the defect sites of β-Mg6Pd is as 
follows. At the Pd-rich phase boundary the atomic environment of Mg10 is a Frank-
Kasper Z16 coordination type polyhedron containing maximal two vacancies at the Mg1 
positions as shown in Fig. 5.15. The centre of the Z16 type polyhedron is fully occupied 
by Mg, whereas the hexagon caps are randomly mixed occupied by Pd and Mg. The M1 
site is maximal surrounded by 13 Mg atoms (Fig. 5.15). In case of Pd at M1a a vacancy 
in the neighbourhood yields the coordination number 12. The displacement of Mg5 
shortens the interatomic distances between Pd and the three Mg5 atoms. A vacancy at 
Mg1 creates a truncated inner icosahedron, whereas the icosidodecahedral shell is 
modified by inserting Mg10 slightly above a triangular face as shown in Fig. 5.15c. Part 
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of the excess Mg in the crystal structure of β-Mg6Pd occupies the M1a site. The higher 
percentage of Mg at M1a minimizes the number of vacancies at Mg1 and the number of 
displaced Mg5 atoms. However, some of the excess Mg atoms occupy the additional 
M1b site. In that case an occupation of the neighbouring M1a and Mg10 is due to too 
short interatomic distances being forbidden. Here, the most likely scenario is given by a 
simultaneous occupation of the four M1b positions by Mg per truncated tetrahedron. The 
truncated tetrahedron together with the Mg4 tetrahedron forms a structural unit, which is 
also part of the crystal structure of hcp-Mg. Moreover, the icosidodecahedral shells of the 
surrounding Mackay cluster in that case, are nearly perfect. The coordination type 
polyhedron of Mg at M1b is an anti-cubeoctahedon formed by 12 Mg atoms. From a 
geometrical point of view the occupation of Mg at M1b seems to be the “natural 
decoration” for β-Mg6Pd (Fig. 5.16) resulting in the formula Mg43Pd6 (Z = 8, 87.8 at.% 
Mg). However, in the crystal structure of Mg-rich β-Mg6Pd about 1/3 of the truncated 
tetrahedra are decorated with Mg4 tetrahedra and the remaining 2/3 of the truncated 
tetrahedra are decorated with (PdxMg1-x)4Mg units similar to that found in the crystal 
structure at the Pd-rich border.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  
 
Fig. 5.15: Point defects in the crystal structure of β-Mg6Pd: (a-c) selected polyhedra in the crystal structure of β-Mg6Pd at the Pd-rich border (top 
row) and the Mg-rich border (bottom row); (a) Z16 Frank-Kasper polyhedron and Mg4 stuffed truncated tetrahedron; (b) coordination type 
polyhedra of M1a and M1b; (c) modified and nearly perfect Mackay cluster, (d) four vertex sharing polyhedra centred by M
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Fig. 5.16: Positions and sequence of the four tetrahedral clusters (as shown in Fig. 5.9k-q) in the 
crystal structure of β-Mg6Pd. 
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5.1.8 Physical properties 
The results of the electrical resistivity measurements for various compositions of the β-
phase are shown in Fig. 5.17a. The electrical resistivity ρ(T) and the normalized electrical 
resistivity ρ(T)/ρ300K (Fig. 5.17b) are plotted for the compositions 85.3 at.% Mg, 86.3 
at.% Mg, 86.7 at.% Mg and 87.3 at.% Mg. In Table 5.13 the residual resistivity ρo, the 
temperature-dependent contribution ρ300K - ρo and the residual resistivity ratio ρ300K/ρo are 
listed. Because all phases are very brittle one can expect a strong influence of the 
microstructure on the electrical resistivity. However, the plots clearly show that the β-
phase follows a metallic behaviour. The normalized electrical resistivity at low 
temperature varies in the range 0.5-0.7. With increasing Mg content the curves becomes 
more flattened. 
 
 
 
 
 
 
 
Table 5.13: Residual electrical resistivity ρo, temperature-dependent contribution ρ300K - ρo, and 
residual electrical resistivity ratio ρ300K/ρo for the β-phase. 
At.% Mg ρo (µΩcm) ρ300K - ρo (µΩcm) ρ300K/ρo 
85.3 (No. 15) 33.70 17 1.50  
86.3 (No. 14) 24.34 15.76 1.65 
86.7 (No. 13) 26.21 24.49 1.93 
87.3 (No. 12) 25.10 25.6 2.02 
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Fig. 5.17: (a) Specific and (b) normalized temperature-dependent electrical resistivity of β-Mg6Pd 
at four different compositions: 85.3 at.% Mg (No. 15); 86. 3 at.% Mg (No. 14); 86.7 at.% Mg 
(No. 13) and, 87.3 at.% Mg (No. 12).  
(b) 
ρo
ρ300K
(a) 
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5.2 Mg57Pd13 and Mg56.6Pd13.4: The γ- and the δ-phase 
5.2.1 Introduction 
A great number of crystal structures with giant unit cells have a preference to occur 
within a narrow compositional range at specific compositions in the corresponding phase 
diagrams. The majority of complex phases are often not only difficult to crystallize, but, 
it is also difficult to solve and to refine their crystal structures. γ-Mg4Ag [67] and λ-
Al4Mn [68] are prominent examples. The existence of Mg4Pd in a narrow compositional 
range was first established by Ferro [44] and later confirmed by Savitsky [46]. No 
crystallographic data were known until Spiekermann [48] reported the large orthorhombic 
structure of ε-Mg306Pd77 close to 80 at.% Mg only recently. For this approximant he 
reported a crystal structure with space group Cmma and unit cell parameters a = 
2805.4(6) pm, b = 2806.2(6) pm, c = 3838.7(8) pm. During the systematic reinvestigation 
in order to understand the phase equilibria of the intermediate phases in the Mg-rich part 
of the Mg-Pd system in more detail, a total of four complex crystalline phases close to the 
composition Mg4Pd, namely the ζ-phase, Mg64Pd17 (Mg3.76Pd), the ε-phase, Mg306Pd77 
(Mg3.97Pd), the δ-phase, Mg56.6Pd13.4 (Mg4.18Pd), and the γ-phase, Mg57Pd13 (Mg4.38Pd) 
were discovered. The compositional range in which they form is very small, probably due 
to a constraint imposed by the average number of valence electrons per atom (e/a) related 
to an electronic stabilization mechanism [69]. Here, the crystal chemistry of the four 
approximants including their phase equilibria is described.  
5.2.2 Alloy preparation 
In order to clarify this part (see Fig. 4.6) of the Mg-rich phase diagram, a number of 
alloys in the compositional range from 82 to 78 at.% Mg in steps of 1 at.%, i.e. samples 
No. 22-No. 28 have been synthesized and analyzed. The elements were melted in weld-
sealed tantalum crucibles under argon atmosphere. The tantalum tumbles were 
encapsulated in evacuated fused silica ampoules, which then were heated slowly up to the 
melt (600-700 oC). The samples were kept in the melt for one week (in order to ensure
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homogeneity) and subsequently quenched in cold water after shattering the quartz tubes. 
The tantalum crucibles were dried and encapsulated again in the silica tubes. No mass 
loss was observed by measuring the tantalum tumbles. Finally, the samples were 
annealed for three weeks at 430 oC, and 500 oC for each series, and subsequently 
quenched into cold water after shattering the quartz tubes. It was important to synthesize 
this series of alloys heat treated at the temperatures indicated in Table 4.5 in order to fully 
understand the transformations of as-cast alloys upon heating. 
 
 
 
 
 
 
 
 
 
 
 
 
 
5.2.3 Heterogeneous equilibria 
The samples No. 22 to No. 28 have been used for the phase analytical studies of the γ- 
and δ-phases. The results obtained from DTA/DSC, metallography, quantitative chemical 
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Fig. 5.18: Details of the Mg-Pd phase diagram from 81-82 at.% Mg. : Samples within solid 
two-phase field; ■: sample prepared by use of the melt centrifugation method and revealing 
only melt after centrifugation; : liquidus temperature; ◊: temperature of the invariant 
reactions;     :  temperature only observed in cooling runs.  
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analyses, X-ray powder diffraction and the melt-centrifugation technique are summarized 
in Table 5.14. 
 
 
Table 5.14: Results of the phase analytical studies using the samples No. 22-28. 
No. 22: 82 at.% Mg, as-cast by the melt-centrifugation at 600 oC, only melt after centrifugation; 
ICP: 82.2 at % Mg; DSC, 5 K/min, Fig. 8.50-22, two endothermic peaks, L = β + γ, Te = 561 
oC, 
and L = γ, Tp = 576 
oC, three exothermic peaks; XRPD, Fig. 5.23, β and γ phase prior and β and ε 
after DSC, a(γ) = 1406.20(2) pm.   
No. 23: 82 at.% Mg, as-cast; DSC, 5 K/min, Fig. 8.51-23, two endothermic peaks, L = β + γ, Te = 
561 oC, and L = γ, Tp = 576 
oC, three exothermic peaks; XRPD, Fig. 5.19 and Fig. 5.21, β and γ 
phase prior and β and ε after DSC, a(γ) = 1406.16(3) pm; EDXS: microstructure in Fig. 5.20, γ: 
81.7(5) for spot analysis, β: composition difficult to determine because the domains are too small; 
composition from X-ray single crystal structure analysis: γ-Mg57Pd13: 81.4 at.% Mg.   
No. 24: 82 at.% Mg, 500 oC and three weeks; XRPD: Fig. 5.22, β and ε-phase. 
No. 25: 82 at.% Mg, 430 oC and three weeks; XRPD: γ as the majority phases; β, ε, and ζ are the 
minority phases.  
No. 26: 81 at.% Mg, as-cast from 750 oC, DSC, 5 K/min, Fig. 8.52-26, three endothermic peaks γ 
+ ζ = ε, Tpe = 560 
oC, L = γ + ζ, Te = 570 
oC, L = γ, Tp = 588 
oC, three exothermic peaks; XRPD: 
Fig. 5.24, ζ and γ-phase prior DSC, β, γ, ε, ζ, and η after DSC; ICP: 81.2 at % Mg, a(γ) = 
1405.19(3) pm; composition from X-ray single crystal structure analysis for δ-Mg56.6Pd13.4: 80.78 
at.% Mg. 
No. 27: 81 at.% Mg, 500 oC and three weeks, ICP: 80.9 at % Mg, DSC, 5 K/min, Fig. 8.54-27, 
three endothermic peaks γ + ζ = ε, Tpe = 559 
oC, L = γ + ζ, Te = 566 
oC, L = γ, Tp = 581 
oC, two 
exothermic peaks at 577 oC and 541 oC; XRPD: Fig. 5.25, β and ε-phase prior DSC, β, γ, ε, ζ, and 
η after DSC.  
No. 28: 81 at.% Mg, 430 oC and three weeks; DSC, 5 K/min, Fig. 8.53-28, three endothermic 
peaks γ + ζ = ε, Tpe = 560 
oC, L = γ + ζ, Te = 568 
oC, L = γ, Tp = 587 
oC, three exothermic peaks 
at 571 oC, 543 oC and 539 oC; XRPD: γ as main phase, β, ε, ζ are minority phases. 
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The title compound of this section, γ-Mg57Pd13, was observed in all as-cast samples 
obtained by quenching from the melt in the compositional range 83-78 at.% Mg. Samples 
No. 18 (84 at.% Mg), No. 19 (83 at.% Mg) and No. 23 (82 at.% Mg) are examples where 
the new phase coexists with the β-phase. A single crystal was obtained from sample No. 
23 with a cubic-primitive unit cell of a = 1405.58(5) pm according to the diffractometer 
data. The X-ray powder diffraction pattern of sample No. 23 is shown in Fig. 5.19.  Fig. 
5.19a shows the diffraction pattern of sample No. 23 in the range from 20 to 85o 2θ, and 
the inset b) and c) are enlarged parts from 16−26o 2θ  and 30−43o 2θ, respectively. 
Reflections markers are given for the β-phase with a = 2004.54(6) pm (bottom) and for 
the γ-phase with a = 1406.16(3) pm (top). The reflection markers for the γ-phase are 
given twice, i.e. for the space groups Im 3  (middle) and Pm 3  (top), respectively. The unit 
cell parameter for the γ-phase was obtained by a least-square refinement of a 
corresponding sample together with LaB6 as internal standard. 
A close inspection of the X-ray powder pattern reveals a small amount of the β-phase 
(inset b). All reflections with h + k + l ≠ 2n for the γ-phase are very weak pointing out a 
superstructure (cP) of a body-centred crystal structure (cI) in agreement with the single 
crystal data. A calculated powder pattern for a mixture of 90% γ- and 10% β-phase is 
shown in Fig. 5.19d. Reflection markers are given for the γ-phase (top) and the β-phase 
(bottom).  
The microstructural examination (Fig. 5.20) of this sample (No. 23) does not reveal the 
β-phase using bright field technique (Fig. 5.20a). The alloy seems to be homogenous. 
However, the BSE image revealed both phases (Fig. 5.20b). The majority phase γ has a 
composition of 81.7(5) at.% Mg according to an EDXS point analysis. The regions of the 
minority phase (dark-grey) are too small to be analysed separately. The eutectic structure, 
which was observed close to 84 at.% Mg (see Fig. 4.7b), is probably suppressed due to 
the small fraction of the β-phase, and because of the large amount of the γ-phase which 
may serve as nucleation centres. 
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Fig. 5.19: (a) X-ray powder diffraction pattern (Cu Kα1) of as-cast Mg82Pd18 (No. 23) shown from 
20 to 85o 2θ ; the insets b) and c) are enlarged parts from 16−26o 2θ  and 30−43o 2θ, respectively; 
reflections markers are given for the β-phase with a = 2004.54(6) pm (bottom) and for the γ-
phase with 1406.16(3) pm; the reflection markers for the γ-phase are given twice, i.e. for the 
space groups Im3  (middle) and Pm 3  (top). The unit cell parameter for the γ-phase obtained by a 
least-square refinement of the corresponding sample together with LaB6 as internal standard; a 
calculated powder pattern for a mixture of 90% γ- and 10% β-phase is shown in (d); reflection 
markers are given here for the γ-phase (top) and the β-phase (bottom).  
 
 
(a) 
(b) 
(c) 
(d) 
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Fig. 5.20 Microstructure of the as-cast alloy with 82 at.% Mg (No. 23): (a) light microscopy 
image (bright field); (b) the BSE image of the same specimen shows a mixture of two phases, γ 
and β; EDXS: γ: 81.7(5) at.% Mg for spot analyses; the composition of the β-phase could not be 
determined because of the only small regions. The eutectic structure is suppressed. For further 
details see text. 
50 µm 
(a) 
β-phase 
γ-phase 
(b) 
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The DSC curve (Fig. 8.51-23 in the appendix 8.7) recorded for this sample (No. 23) 
revealed two endothermic and three exothermic peaks during heating and cooling runs, 
respectively. The first endothermic peak at 567 oC (onset at 561 oC) corresponds to the 
eutectic reaction (L = β + γ) and the peak at 576 oC represents the liquidus point. Three 
exothermic peaks during cooling are observed at 566 oC, 551 oC, and 547 oC. The first 
one corresponds to the liquidus, the second to the invariant temperature of the eutectic 
and the last one to the eutectoid reaction (γ = β + ε). The X-ray powder pattern after DSC 
exclusively consists of diffraction lines of β and ε-phase as shown in Fig. 5.21. The heat 
treatment of an as-cast alloy quenched from the melt with 82 at.% Mg and 430 oC (No. 
25) even after three weeks annealing does not reach thermodynamic equilibrium, i.e. the 
γ-phase does not react completely to β + ε due to kinetic hindrance. The γ-phase is still 
observed as the main phase. The β-, ε- and ζ-phases are present as traces. However, at 
500 oC (No. 24) the temperature is high enough for a fast eutectoid decomposition. This 
sample contains mainly the β- and ε-phases (see Fig. 5.22). The γ-phase is still observed 
as traces. The alloy at 82 at.% Mg (No. 22) is completely molten at 600 oC. This was 
proven by the melt centrifugation technique. After solidification the X-ray powder pattern 
revealed nearly single γ-phase with traces of the β-phase as shown in Fig. 5.23.   
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Fig. 5.21: X-ray powder diffraction pattern (Cu Kα1) of sample No. 23 (82 at.% Mg) after DSC 
(black) containing the β- and ε-phases. The calculated pattern for ε-Mg306Pd77 (blue) and β-
Mg6Pd (red) are shown with a(ε) = 2806.9(6) pm, b(ε) = 2807.7(6) pm, c(ε) = 3844.0(8) pm and 
a(β) = 2007.1(1) pm. The inset is the enlarged part from 12-32o 2θ.  
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Fig. 5.22: X-ray powder pattern (Cu Kα1) of an alloy with 82 at.% Mg annealed at 500 
oC for 3 
weeks (No. 24). The X-ray pattern contains the β-, ε- and γ-phases. The calculated patterns of β 
(red), ε (blue) and γ (yellow) are shown with a(β) = 2005.24(9) pm; a(ε) = 2806.9(6) pm, b(ε) = 
2807.7(6) pm, c(ε) = 3844.0(8) pm, a(γ) = 1406.16(3) pm.  The inset is the enlarged part from 18-
44o 2θ.  
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Fig. 5.23: X-ray powder diffraction patterns (Cu Kα1) of as-cast Mg82Pd18 (No. 22) is shown from 
20 to 85o 2θ  in (a); the insets b) and c) are the enlarged parts from 16−26o 2θ  and 30−43o 2θ, 
respectively; reflections markers are given for the β-phase with a = 2004.54 pm (bottom) and for 
the γ-phase with 1406.16 pm; the reflection markers for the γ-phase are given twice, i.e. for the 
space groups Im3  (middle) and Pm3  (top). The unit cell parameter for the γ-phase was obtained 
by a least-square refinement of the corresponding sample together with LaB6 as internal standard; 
a calculated powder pattern for the β-phase is shown in (d). The powder patterns were taken at a 
Bragg-Brentano diffractometer to suppress the asymmetry profiles at low angles and to attain the 
best resolution of the β- and the γ-phase (small half-width).  
 
 
(d) 
(b) 
(c) (a) 
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An as-cast alloy with 81 at.% Mg (No. 26) again reveals an X-ray powder diffraction 
pattern in which most of the Bragg peaks can be indexed in a primitive cubic lattice 
(CMPR Program [70]). However, a single crystal obtained from this sample revealed a 
body-centred crystal structure (cI) with the unit cell parameter a = 1404.59(8) pm 
(diffractometer data). The composition of this phase, δ-Mg56.6Pd13.4 (80.8 at.% Mg) 
agrees well with the ICP results, but the superstructure reflections indicate that the γ-
phase is still the majority phase.  
The X-ray powder diffraction pattern of this sample is shown in Fig. 5.24a in the range 
from 20 to 85o 2θ. The insets b) and c) correspond to an enlarged part from 30 − 43o 2θ 
for samples No. 26 and No. 23, respectively. Reflections markers are given for the γ-
phase with a = 1406.16(3) pm (top) in the space group Pm 3 . The unit cell parameter for 
the γ-phase was obtained by a least-square refinement of the corresponding sample 
together with LaB6 as internal standard. The remaining reflections in this pattern belong 
to the ζ-phase. 
The DSC curve (Fig. 8.52-26 in the appendix 8.7) of this sample reveals three 
endothermic peaks. The first one at 565 oC (onset at 560 oC) corresponds to the 
peritectoid reaction  γ + ζ = ε. The second peak at 579 oC (onset 569 oC) is assigned to 
the invariant reaction L = γ + ζ. The peak at 588 oC corresponds to the end of the melting 
process of the γ-phase. Similar thermal events were obtained in the DSC curve (Fig. 8.54-
27 in the appendix 8.7) of sample No. 27, i.e. 81 at.% Mg at 500 oC.  Three phases β, γ 
and ε are observed in this sample (see Fig. 5.25). The X-ray powder pattern of sample 
No. 28, i.e. 81 at.% Mg at 430 oC revealed four phases, β, γ, ε, and ζ, similar as found for 
sample No. 25, i.e. both samples are not in the equilibrium state. 
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Fig. 5.24 X-ray powder diffraction pattern (Cu Kα1) of the as-cast alloy with 81 at.% Mg (No. 26 
with γ and ζ*):  (a) in the range from 10 to 85o 2θ. Inset b) and c) are an enlarged part from 
30−43o 2θ for sample No. 26 and No. 23 (γ + β*), respectively. Reflections markers are given for 
the γ-phase (top) and for the δ-phase (bottom) with a = 1406.16(3) pm. The unit cell parameter 
for the γ-phase was obtained from a least-square refinement of the same sample together with 
LaB6 as an internal standard. The remaining reflections in this pattern belong to the ζ-phase. 
 
(c) 
(a) 
(b) 
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Fig. 5.25: X-ray powder pattern (Cu Kα1) of an alloy with 81 at.% Mg annealed at 500 
oC for 3 
weeks (No. 27). The X-ray pattern contains the β-, ε- and γ-phases; the calculated patterns of β 
(red), ε (blue) and γ (yellow) are shown with a(β) = 2005.75(2) pm; a(ε) = 2806.9(6) pm, b(ε) = 
2807.7(6) pm, c(ε) = 3844.0(8) pm, a(γ) = 1406.16(3) pm. The inset is the enlarged part from 20-
42o 2θ. 
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In summary, two new phases have been synthesized and characterized in the 
compositional range from 82 at.% to 81 at.% Mg. The γ-phase is a high temperature 
phase and is formed within a small of homogeneity range of about 0.7 at.%. The study of 
the heterogeneous equilibria indicates that the γ-phase melts congruently, but decomposes 
eutectoidically into the β- and ε-phases. The γ-phase can be easily obtained as bulk 
material. However, the δ-phase was only obtained as one single crystal. Experiments to 
obtain the δ-phase as a bulk material were not successful. Therefore, the δ-phase might 
be a high temperature modification of the γ-phase. Another possibility, is that the δ-phase 
is metastable and is only found by rapid quenching. In the following sections, the close 
relationships between the γ- and δ-phases are discussed.  
5.2.4. Crystal structure solution and refinement of the γ-phase 
A single crystal of the γ-phase was obtained from an as-cast alloy with 82 at.% Mg (No. 
23) with a primitive cubic unit cell with a = 1405.58(5) according to the diffractometer 
data. The unit cell parameter a = 1406.16(3) pm was refined from X-ray powder 
diffraction data of sample No. 23. Solution and refinement of the crystal structure were 
performed with SHELXS-97 and SHELXL-97 [37]. The absence of systematic 
extinctions in the data set indicated a primitive lattice, and the Laue class m3  was the 
highest diffraction symmetry with Rint = 0.073 compatible with the cell metrics. Two 
possible space groups were suggested: Pm 3 , P23. The E-Stats model as implemented in 
the WinGX program [71] strongly indicated the centrosymmetric space group Pm 3 . The 
structure was solved by direct methods and all positions of palladium and magnesium 
atoms were initially assigned. The site occupancy parameters for each atom were refined 
independently in a series of full-matrix least-squares runs based on F2. The refinements 
support full occupation of all sites. At that stage the Program STRUCTURE TIDY [40] 
was used to standardize the atomic coordinates. The final anisotropic refinements with 69 
parameters and 1205 independent reflections converged at R1 = 0.086 and wR2 = 0.095. 
The final maximum and minimal residual electron densities are 0.87 e/Å3 at Pd13, and -
0.59 e/Å3, 1.82 Å from Mg1. The refined composition is 81.4 at.% Mg and agrees well 
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with the composition determined by EDXS (81.7 at.% Mg). Relevant information about 
the crystal structure, the structure solution and the refinements are listed in Table 5.15, 
fractional atomic coordinates and anisotropic displacement parameters are given in Table 
5.16 and Table 5.17, respectively. 
 
Table 5.15: Crystallographic data for γ-Mg57Pd13; the crystal was obtained from sample No. 23. 
Crystal data  
Alloy composition (at.% Mg) 82 (No. 23, β* + γ) 
Refined composition (at.% Mg) 81.4 
Formula Mg57Pd13 
Formula weight (g/mol) 2768.87 
Crystal system, Space group Cubic, Pm 3  
Unit cell (pm), Volume (106 pm3) a = 1406.16(3), V = 2780.4(1) 
Formula unit per cell (Z) 2 
Crystal size (µm3), colour 40 × 60 × 70, metallic lustre 
ρcal (g/cm
3) 3.307  
µ (mm-1) 4.754  
Data collection  
Diffractometer, monochromator, scan mode MSC-Rigaku  CCD, graphite, ω/ϕ  
Radiation Mo Kα  
Wave length (pm) 71.073 
Temperature (K) 293(2) 
Tmax/Tmin 1.064 
F(000) 2564 
Detector distance (mm) 40.22 
2θ-range  (o) 4.1 - 55 
Range in h, k, l -18 < h < 18,  -18 < k < 17,  -18 < l < 17 
No. of reflections/unique 20511/1205  
Reflections with I > 2σ(I) 1013   
Rint/Rσ 0.069/0.034 
Refinement  
No of parameters 69 
Goodness-of fit on F2 1.472 
 [I > 2σ(I)] 0.069/0.092 
R1/wR2 (all data) 0.086/0.095 
Max./min of residual peaks (e/Å3) 0.872/-0.588 
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Table 5.16: Fractional atomic coordinates and equivalent isotropic displacement parameters Ueq 
(104 pm2) of γ-Mg57Pd13, E.s.d.’s are given in parentheses. 
Atom   Site   Symmetry x y z Ueq       
Mg1 24l 1 0.1168(2) 0.1804(2) 0.2958(2) 160(6) 
Mg2 24l 1 0.1955(2) 0.3855(2) 0.3137(2) 159(6) 
Mg3 12k m.. 1/2 0.1254(3) 0.1128(3) 180(8) 
Pd4 12k m.. 1/2 0.1691(6) 0.2962(1) 168(2) 
Mg5 12k m.. 1/2 0.3254(3) 0.3917(3) 164(8) 
Mg6 12j m.. 0 0.1718(3) 0.1098(3) 146(7) 
Mg7 12j m.. 0 0.3179(3) 0.4011(2) 160(8) 
Pd8 12j m.. 0 0.3357(1) 0.2040(1) 155(2) 
Mg9 6h mm2.. 0.1214(4) 1/2 1/2 166(9) 
Mg10 6f mm2.. 0.3035(4) 0.0000 1/2 154(9) 
Mg11 6e mm2.. 0.3592(4) 0.0000 0.0000 138(9) 
Pd12 1b m3  1/2 1/2 1/2 104(6) 
Pd13 1a m3  0 0 0 127(6) 
 
 
 
Table 5.17: Anisotropic displacement parameters Uij (10
4 pm2) for γ-Mg57Pd13. E.s.d.’s are given 
in parentheses. 
Atom    U11 U22 U33 U12 U13  U23       
Mg1 156(13) 174(14) 150(13) -12(11) 23(11)  18(11) 
Mg2 192(14) 135(13) 151(13) 1(11) 22(12)  6(11) 
Mg3 154(18) 190(2) 195(19) 0 0 -47(16) 
Pd4 244(5) 144(4) 147(5) 0 0 -7(3) 
Mg5 180(2) 121(19) 190(2) 0 0 -40(16) 
Mg6 129(19) 170(2) 142(19) 0 0  5(16) 
Mg7 161(18) 210(2) 108(17) 0 0 -30(15) 
Pd8 194(5) 148(5) 123(5) 0 0 -18(3) 
Mg9 210(3) 150(3) 150(3) 0 0  0 
Mg10 220(3) 170(3) 70(2) 0 0  0 
Mg11 170(3) 100(3) 140(3) 0 0  0 
Pd12 104(6) 104(6) 104(6) 0 0  0 
Pd13 127(6) 127(6) 127(6) 0 0  0 
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5.2.5 Crystal chemistry of the γ-phase 
The crystal structure of γ-Mg57Pd13 contains 13 crystallographically independent sites 
corresponding to 13 coordination polyhedra as shown in Fig. 5.26. Most of them are 
typical for I3 cluster compounds (CN12, CN14, and CN15). The others have coordination 
numbers of 11 and 13, respectively. The distances d(Mg−Mg) extend from 278.2 pm to 
365.5 pm. For comparison, the average distance in the crystal structure of hcp magnesium 
is 320 pm [72]. The distances d(Mg−Pd) cover the range 257.5−338.2 pm, the shortest 
distance of 257.5 pm being observed between Pd4 and Mg5 atoms (Table 5.18). 
Some of the interatomic distances are slightly shorter than 265 pm, the value which 
corresponds to the sum of the covalent radii for magnesium and palladium [72]. In the 
crystal structure of γ-Mg57Pd13, each palladium atom is surrounded by an icosahedron or 
a truncated icosahedron of magnesium atoms, in such a way, that there are no 
homonuclear Pd−Pd contacts. Therefore, the Pd atoms isolated from each other, implying 
a Pd−Pd internuclear separation of about 477 pm or more. The volumes of the 
coordination polyhedra extend from 56.95 × 106 pm3 to 94.84 × 106 pm3, whereas the 
volumes of the Voronoi cells are in the range of 16.35 × 106 pm3 to 22.57 × 106 pm3 (see 
Table 5.19). 
 
 
 
 
 
 
 
 
Fig. 5.26: Coordination type polyhedra in the crystal structure of γ-Mg57Pd13.  
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Fig. 5.26 (continued). 
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Table 5.18: Selected interatomic distances (pm) in the crystal structure γ-Mg57Pd13. E.s.d.’s are 
given in parentheses. 
Mg1:   Pd8        287.3(3)          2  Mg11    308.9(5)                       2  Mg1      293.7(4)               
            Mg7      293.7(4)                Mg3      317.3(4)             2  Mg2      315.7(3)                
            Pd8       302.2(3)           2  Mg2      331.1(4)                        2  Mg9      337.7(4) 
            Mg3      302.7(3)              Mg3      352.7(8)             2  Mg3      365.5(5) 
            Mg2      305.1(4)          2  Mg7      365.5(5) Pd8:         Mg6     265.8(4)       
            Mg6      308.1(4) Pd4:      Mg5      257.5(4)                             Mg10   270.2(3)                         
            Mg6      309.1(4)              Mg3      265.1(4)                 Mg7     278.3(4) 
            Mg2      309.9(4)          2  Mg7      277.2(2)                     2  Mg1     287.3(3) 
        2  Mg1      312.5(5)                     2  Mg2      292.8(3)                 Mg11   288.7(2) 
            Mg11    315.2(3)              Mg9      294.3(2)                        2  Mg3     301.3(3) 
            Mg1      328.5(5)          2  Mg2      295.5(3)                        2  Mg1     302.2(2)            
            Pd4       338.2(3)           2  Mg1      338.2(3)             2  Mg2     322.9(3) 
Mg2:   Pd4        292.8(3)  Mg5:    Pd4        257.5(4) Mg9:   2   Pd4      294.3(2) 
            Pd4       295.6(3)              Pd12     288.8(4)             4  Mg2     324.6(3) 
            Mg1      305.1(4)           4  Mg5      303.5(4)             2  Mg10   324.8(5)   
            Mg1      309.9(4)              Mg5      304.5(8)             2  Mg5     324.8(6)            
            Mg7      315.7(4)                4  Mg2      319.5(4)             4  Mg7     337.7(4)               
            Mg10    318.9(3)               Mg9      324.8(6)                          Mg9     341.5(9) 
            Mg5      319.5(4) Mg6:    Pd8        265.8(4) Mg10:  2  Pd8      270.2(3) 
            Mg5      319.9(4)              Pd13     286.7(4)                 2  Mg7     290.5(5)                
            Mg2      321.9(5)                       4  Mg6      299.6(9)                        2  Mg3     296.5(6) 
            Pd8       322.9(3)              Mg11    343.4(9)                        4  Mg2     318.9(3) 
            Mg9      324.6(3)          2  Mg1      308.1(4)              2  Mg9     324.8(5) 
        2  Mg2      330.5(5)                          Mg6      308.8(7) Mg11:  2  Pd8      288.7(1) 
            Mg3      331.1(4)          2  Mg1      309.9(4)               2  Mg6     305.5(6) 
Mg3:   Pd4        265.1(4)            Mg7: 2  Pd4       277.2(2)              4  Mg3     308.9(5)  
            Mg10    296.5(6)              Mg7      278.2(7)             4  Mg1     315.2(3) 
        2  Pd8       301.3(3)                         Pd8       278.3(4) Pd12:  12 Mg5     288.9(4)  
        2  Mg1      302.7(3)              Mg10    290.5(5) Pd13:  12 Mg6     286.7(4) 
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Table 5.19: Coordination numbers (CN), volumes of the coordination polyhedra (Vol. of CP) and 
volumes of the Voronoi cells (Vol. of VC) in the crystal structure of γ-Mg57Pd13. 
 
 
The coordination type polyhedron of Pd12 represents an icosahedron. Pd2 occupies the 
centre of the Mackay cluster (MI) at the 1b site, i.e. (1/2, 1/2, 1/2). The corresponding MI 
is shown Fig. 5.27g. The outer shell of the (MI) is formed by twelve Pd4 atoms at the 
vertices of the large icosahedron and 24 Mg2 + 6 Mg9 at the vertices of the 
icosidodecahedron. The inner icosahedron is formed by 12 Mg5 atoms. The coordination 
polyhedron of Pd4 is a truncated icosahedron with CN11, whereas the coordination 
polyhedra of Mg2 and Mg9 represent equatorial bi-polarly capped pentagonal prisms 
with CN14 and CN15, respectively. Mg5 is a bi-capped pentagonal prism.  
The coordination type polyhedron of Pd13 is an icosahedron located at the centre of the 
Mackay cluster at the 1a site, i.e. (0, 0, 0). The corresponding Mackay cluster (MI) is 
shown Fig. 5.27e. The outer shell of the (MI) is formed by twelve Pd8 at the vertices of 
the large icosahedron and 24 Mg1 + 6 Mg11 at the vertices of the icosidodecahedron. The 
inner icosahedron is formed by 12 Mg6 atoms. Pd4 is a truncated icosahedron with 
CN11. Mg1 and Mg6 are bi-capped pentagonal prisms (CN12), while Mg11 is an 
equatorial bi-polarly capped pentagonal prism (CN13).  
Atom   CN Vol. of CP in 106 pm3 Vol. of VC in 106 pm3                                
Mg1 13 73.32 20.36 
Mg2 14 83.72 21.44 
Mg3 14 85.15 20.83 
Pd4 11 56.95 17.32 
Mg5 12 67.49 20.19 
Mg6 12 63.96 19.11 
Mg7 13 75.70 19.30 
Pd8 12 64.09 17.37 
Mg9 15 94.84 22.57 
Mg10 12 70.47 19.15 
Mg11 12 67.47 20.84 
Pd12 12 61.16 16.73 
Pd13 12 59.75 16.35 
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The new binary phase Mg57Pd13 is isostructural with Sc57Rh13 [73]. The crystal structure 
of the γ-phase is best described as a body centred cubic packing of Mackay clusters as 
shown in Fig. 5.27a.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 5.27 Crystal structure of γ-Mg57Pd13: (a) bcc packing of (MIs); (b) octahedron connecting the 
(MI) clusters at the 1a site, i.e. (0, 0, 0); (c) hexagonal bi-pyramid connecting (MI) at the 1b site, 
i.e. (1/2, 1/2, 1/2); (d) distorted octahedron connecting (MI) along [111], i.e. (MIs) at 1a and 1b. 
(b) (c) (d) 
(a) 
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Fig. 5.27 (continued): (e) three concentric shells of the (MI) cluster at 1a, (0, 0, 0). Centre: 1 
Pd13; inner icosahedron: 12 Mg6, icosidodecahedron: 24 Mg1 + 6 Mg11; outer icosahedron 12 
Pd8; (f) rhombic icosidodecahedron; concentric shell of 60 atoms enclosing the Mackay 
icosahedron at (0, 0, 0): 24 Mg3 + 12 Mg7 + 24 Mg2; (g) three concentric shells of the (MI) 
cluster at 1b, (1/2, 1/2, 1/2): centre: 1 Pd12; inner icosahedron: 12 Mg5; icosidodecahedron: 24 
Mg2 + 6 Mg9; outer icosahedron 12 Pd4; (h) distorted rhombic icosidodecahedron, concentric 
shell of 72 atoms enclosing the (MIs) at (1/2, 1/2, 1/2): 12 Mg10 + 12 Mg3 + 24 Mg7 + 24 Mg1. 
(h) (g) 
(e) (f) 
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Fig. 5.27 (continued): (i) Packing of rhombic and distorted rhombic icosidodecahedra. 
 
 
Fig. 5.28 shows the I13 clusters in the crystal structure of γ-Mg57Pd13. A central 
icosahedron centred by Pd12 at (1/2, 1/2, 1/2) (Fig. 5.28a) is surrounded by twelve 
truncated icosahedra with CN11 (centred by Pd4). The aggregate consists of 115 atoms. 
A central icosahedron centred by Pd13 at (0, 0, 0) (Fig. 5.28b) is surrounded by twelve 
icosahedra (centred by Pd8) forming an aggregate of 127 atoms, i.e. a complete I13 
cluster. 
The Mackay cluster at (0, 0, 0) is enclosed by a concentric shell of 60 atoms (rhombic 
icosidodecahedron, Fig. 5.27f) with 24 Mg3 + 24 Mg2 and 12 Mg7 atoms at the vertices. 
The metrical data for the shells surrounding the 1a site are given in Table 4.20. The MIs 
of this site are connected via Mg6 octahedra (Fig. 5.27b) along [100] whereas a distorted 
octahedron (Fig. 5.27d) connects the MIs along [111]. Additionally, two rhombic 
icosidodecahedra are sharing a common rectangular face (Mg3)4. 
(i) 
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Fig. 5.28 Packing of complete and incomplete I13 clusters in the crystal structure of γ-Mg57Pd13: 
(a) the icosahedron (Pd12) at the 1b site (1/2, 1/2, 1/2) is surrounded by twelve truncated 
icosahedra (centred by Pd4) forming an aggregate of 115 atoms; (b) the icosahedron centred by 
Pd13 at the 1a site (0, 0, 0) is surrounded by twelve icosahedra (centred by Pd8) forming an 
aggregate of 127 atoms.       
 
The Mackay icosahedron at (1/2, 1/2, 1/2) is enclosed by a concentric shell of 72 atoms 
(augmented rhombic icosidodecahedron, Fig. 5.27h) built up by 24 Mg7 + 24 Mg1 + 12 
Mg10, and 12 Mg3 atoms. This shell is related to the rhombic icosidodecahedron by 
inserting 12 Mg atoms at the centres of the triangles which are adjacent to the six squares 
of the rhombic icosidodecahedron along [001]. The metric data for these shells are given 
in Table 5.20. The (MIs) of the site 1b are connected via Mg8 bi-pyramids (Fig. 5.27c) 
one to another. Two augmented rhombic icosidodecahedra are sharing common hexagons 
of the type (Mg7)4(Mg10)2. 
 
(a) (b) 
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Table 5.20: Metric data of icosahedral shells at the 1a site, i.e. {(0, 0, 0), (60 atoms)} and at the 
site 1b, i.e. {(1/2, 1/2, 1/2), (72 atoms)} in the crystal structure of γ-Mg57Pd13; average distances 
are given in pm. 
Shell  Centre to vertex (pm) (60 atoms)  Centre to vertex (pm) (72 atoms) 
Inner icosahedron 287 287 
Icosidodecahedron 514 533 
Outer icosahedron 553 547 
Augmented rhombic 
icosidodecahedron  
761 752 
 
5.2.6 Crystal structure solution and refinement of the δ-phase 
A single crystal of the δ-phase was obtained from an as-cast alloy with 81 at.% Mg 
(sample No. 26). The cubic unit cell parameter a = 1404.59(8) pm was determined from 
single crystal data. This value is slightly smaller than the unit cell parameter determined 
for the crystal isolated from sample No. 23. The difference in volume is ∆V = 5.9 × 106 
pm3 which correspond to ∆a = 0.99 pm. Similar values are obtained from the unit cell 
parameter refined from the bulk samples, ∆V = 5.7 × 106 pm3 and ∆a = 0.97 pm. The 
smaller lattice parameter is in favour of a higher content of Pd or of a smaller number of 
atoms per unit cell, or both. This should be true for the single crystal specimen and the 
corresponding bulk materials. The systematic extinctions (hkl: k + k + l = 2n) for the 
single crystal data indicated the possible space groups Im 3 , I23, I213, I 4 3m, Im 3 m, and 
I432. Averaging all reflections in the Laue class m3 m gave a high value of Rint = 0.563. 
However, for the space group Im 3  an Rint = 0.068 was obtained. Two palladium sites and 
the majority of the magnesium atoms were determined using direct methods in the space 
group Im3 . The remaining palladium and magnesium atoms were localized from 
difference Fourier maps on the basic of peak heights and bond distances. The isotropic 
least-squares refinement of 22 parameters using 599 unique reflections converged to R1 = 
0.097, and wR2 = 0.225 with the largest differences in electron densities at +3.406 and -
2.571 e/Å3. 
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The Mg sites of the starting model revealed huge displacement parameters between 
521.104 pm2 and 756.104 pm2. Therefore, the site occupancy parameters for each site 
were refined independently by full matrix least-square cycles based on F2. Two sites at 
24g (Mg4A and Mg4B) were both nearly occupied 50% by Mg. A contour plot obtained 
from the Fourier map Fobs is shown in Fig. 5.29a and b. The remaining site M5, located at 
12e (Fig. 5.29a, c) is in case of Mg, partially occupied by 73% Mg. The results of this 
refinement are summarized below the header “model 1”. The calculated composition was 
81.8 at.% Mg with the total number of atoms per unit cell being 142.7 atoms. The results 
of “model 1” are therefore in contradiction to the crystal data of Mg57Pd13. Also, the unit 
cell volume is larger (~6 × 106 pm3) with only 140 atoms per unit cell. Therefore, a 
number of competing models has been refined. Important data of these models are listed 
in Table 5.21. “Model 2” is similar to “model 1”; however, the M5 site is now 
exclusively partially occupied by Pd atoms. The refinement yielded 79.3 at.% Mg and 
136.2 atoms per unit cell. However, the Mg content is now too small. In the following 
section it will be shown that the ζ-phase is stable at that composition. In addition, a loss 
of 3.8 atoms is too much. A volume of 6 × 106 pm3 should correspond only to 1/3 Pd or 
1/4 Mg. In “model 3” and “model 4” the M5 position is occupied by Mg and Pd. A 
refinement of the positional parameter of Mg5 and Pd5 revealed that two local minima, 
i.e. two positions have to be accounted for, despite the fact that the contour density at M5 
does not clearly split up into two parts. Both models are equal in composition and number 
of atoms per unit cell. However, only “model 4” yields acceptable interatomic distances 
Mg−Mg. Therefore, M5 has been relabelled Mg5A and Pd5B. Since the sum of both 
occupancy factors is close 50% the final refinement has been done by constraining the 
occupancy s.o.f. (Mg5A) + s.o.f. (Pd5B) = 0.5. This is reasonable, because a higher 
occupancy than 0.5 yields to short distances. Relevant information about the crystal 
structure, the structure solution and the refinement are listed in Table 5.22, fractional 
atomic coordinates and anisotropic displacement parameters are given in Table 5.23 and 
Table 5.24, respectively. 
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Fig. 5.29: Contour plot of the Fourier density (Fobs, 0 ≤ y, z ≤ 1, x = 0; 2 e/Å
3) for the δ-phase. 
Final refined positions for Mg2, Pd3, Mg4A, Mg4B, Mg5A, Pd5B, and Mg6 are indicated by 
respective labels. 
 
 
 
(a) 
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Fig. 5.29 (continued): (b) and (c) represent enlarged parts of the positions Mg4A and Mg4B, 
Mg5A and Pd5B, respectively. 
  
(c) 
Pd5A
B 
Mg5B 
(b) 
Mg4A 
Mg4B 
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Table 5.21: Relevant data for the different possible models for the crystal structure refinement of 
δ-Mg56.6Pd13.4.  
 “Model 1” “Model 2” “Model 3” “Model 4” 
No. atoms per unit cell 142.7 136.2 140 140 
No. Pd per unit cell 26 28.2 26.9 26.9 
No. Mg per unit cell 116.7 108 113.1 113.1 
Composition (at.% Mg) 81.8 79.3 80.8 80.8 
s.o.f. of Mg4A (at.% Mg) 46 46 46 46 
s.o.f. of Mg4B (at.% Mg) 54 54 54 54 
s.o.f. M5 72% Mg 18% Pd - - 
s.o.f. of Mg5A - - 7.8% Pd 42.7% Mg 
s.o.f. of  Pd5B - - 42.2% Mg 7.3% Pd 
R1/wR2  0.0402/0.055 0.0403/0.055 0.0398/0.055 0.0396/0.0534 
d(Mg5-Mg4) (pm) 282.1 - 273.8 289.8 
 
Table 5.22: Crystallographic data and crystal structure solution and refinement for δ-Mg56.6Pd13.4; 
the crystal was obtained from sample No. 26. 
Crystal data  
Alloy composition (at.% Mg) 81 (No. 26, γ + traces of ζ) 
Refined composition (at.% Mg) 80.8 
Formula Mg56.6Pd13.4 
Formula weight (g/mol) 2805.81 
Crystal system, Space group Cubic, Im 3   
Unit cell (pm), Volume (106 pm3) a = 1405.19(4), V = 2774.7(1) 
Formula unit per cell (Z) 2 
Crystal size (µm3), colour 40 × 50 × 65, metallic lustre 
ρcal (g/cm
3) 3.358  
µ (mm-1) 4.90  
Data collection  
Diffractometer, monochromator, scan mode MSC-Rigaku CCD, graphite, ω/ϕ  
Radiation Mo Kα 
Wavelength (pm) 71.073 
Temperature (K) 293(2) 
Tmax/Tmin 1.234 
F(000) 2595 
Detector distance (mm) 40.31 
2θ-range  (o) 4.2 - 55 
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Table 5.22: continued. 
Range in h, k, l -18 < h < 18,  -18 < k < 16,  -18 < l < 15 
No. of reflections/unique 10288/599 
Reflections with I > 2σ(I) 562  
Rint/Rσ 0.060/0.026 
Refinement  
No. of parameters 45 
Goodness-of fit on F2 1.46 
R1/wR2 [I > 2σ(I)] 0.04/0.053 
R1/ wR2 (all data) 0.046/0.054 
Max./min of residual peaks (e/Å3) 0.76(3)/-0.51(3) 
 
 
Table 5.23: Fractional atomic coordinates and equivalent isotropic displacement parameters Ueq 
(104 pm2) of δ-Mg56.6Pd13.4. E.s.d.’s are given in parentheses. 
Atom   Site   s.o.f. x y z Uiso/Ueq      
Mg1 48h 1 0.1155(1) 0.3007(1) 0.1830(1) 202(3) 
Mg2 24g 1 0.0000 0.1090(1) 0.1733(1) 161(4) 
Pd3 24g 1 0.0000 0.2043(1) 0.3331(1) 174(2) 
Mg4A 24g 0.46(1) 0.0000 0.3872(4) 0.3755(9) 170(2) 
Mg4B 24g 0.54(1) 0.0000 0.4012(3) 0.3192(8) 210(2) 
Mg5A 12e 0.43(1) 0.1981(6) 0 1/2 181(9) 
Pd5B 12e 0.07(1) 0.1657(9) 0 1/2 230(3) 
Mg6 12d 1 0.3691(2) 0 0 225(7) 
Pd7  2a 1 0 0 0 129(3) 
 
Table 5.24: Anisotropic displacement parameters Uij (10
4 pm2) for δ-Mg56.6Pd13.4. E.s.d.’s are 
given in parentheses. 
Atom    U11 U22 U33 U12 U13  U23       
Mg1 169(7) 257(8) 179(8) -16(7) -6(6)  36(6) 
Mg2 164(9) 169(9) 149(9) 0 0 -24(7) 
Pd3 233(3) 146(2) 142(2) 0 0 -10(2) 
Mg4A 110(2) 170(2) 220(6) 0 0 -40(3) 
Mg4B 180(2) 160(2) 290(6) 0 0 -60(2) 
Mg6 409(2) 137(15) 129(9) 0 0  0 
Pd7 129(3) 129(3) 129(3) 0 0  0 
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5.2.7 Coordination type polyhedra of the δ-phase 
The crystal structure of δ-Mg56.6Pd13.4 contains 9 crystallographically independent sites 
which normally should correspond to nine coordination type polyhedra in an ordered 
structure. However as a result of disorder, the Mg1, Pd3, Mg4A, Mg4B, and Mg6 
crystallographic sites were resolved into a number of different kinds of polyhedra, 
producing a of total sixteen different coordination type polyhedra (Fig. 5.30) with 
reasonable interatomic distances which are listed in Table 5.25. The distances d(Mg−Mg) 
extend from 277.8 pm to 366.2 pm. The average distance is 320 pm in the crystal 
structure of hcp magnesium [74]. The Pd−Pd distances of 271.7 pm are slightly shorter 
than the respective distances in fcc palladium (276 pm) [74]. The distances d(Mg−Pd) 
cover the range from 256.6 pm−334.8 pm. The average distances are large than 265 pm, 
a value which corresponds to the sum of the covalent radii of magnesium and palladium 
[74]. 
 
 
  
 
 
 
 
 
 
 
 
 
Fig. 5.30: Coordination type polyhedra with reasonable interatomic distances in the disordered 
crystal structure of δ-Mg56.6Pd13.4.  
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Fig. 5.30 (continued). 
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Table 5.25: Selected interatomic distances (pm) in the crystal structure of δ-Mg56.6Pd13.4. E.s.d.’s 
are given in parentheses. 
Mg1: 1 Mg4A   338.1(9)             2  Mg1       289.5(2)                     2  Mg4A    366.1(6)               
          1 Mg4B   317.6(5)               2  Mg1       298.6(2)                    1  Mg4A    307.7(8)             
          1 Pd3       329.8(1)              2  Mg1       329.8(2)                     1  Mg4B    277.7(9) 
          1 Pd3       289.5(1)             1  Mg2       261.5(2)                1  Mg5A    289.8(9) 
          1 Pd3       298.6(1)             1  Mg6       291.5(1) or          1  Pd5B     270.8(9)      
          1 Mg1      324.5(3)             1  Mg5A    271.7(5) Pd5B    2  Pd3        297.3(8)                         
          2 Mg1      307.6(2) or         1  Pd5B     297.3(8)              2  Mg4B    270.9(9) 
          2 Mg1      322.7(2) Mg4A  1  Pd3        263.8(5)                     2  Mg4A    334.8(9) 
          1 Mg2      313.4(2)              2  Pd3       304.4(7)              4  Mg1       324.6(2) 
          1  Mg2     314.7(2)              2  Mg1      297.2(3)                     2  Mg6       296.8(9) 
          1 Mg6      318.9(2)              2  Mg1      338.1(9)            Mg5A   2  Mg4B    289.8(9)            
          1 Mg5A   324.4(2)              2  Mg6      299.3(7)               2  Pd3       271.7(5) 
or      1 Pd5B     324.6(2)              1  Mg4A   317.1(9)               2  Mg6      333.7(8) 
Mg2: 1 Pd3        261.5(2)              1  Mg4A   349.8(4)               4  Mg1      324.4(2) 
          1 Pd7       287.7(2)               2  Mg4B   366.1(6)               2  Mg4A   289.8(9)   
          4 Mg2      301.5(2)              1  Mg5A   326.8(2) Mg6      3  Pd3       291.5(1)            
          1 Mg2      306.3(4)       or         1  Pd5B     334.8(9)               2  Mg4A   299.4(7)               
          2 Mg1      313.4(2)  Mg4B  1  Pd3        277.5(7)                      2  Mg4B   343.1(8) 
          2 Mg1      314.7(2)              2  Pd3       274.5(4)               2  Mg2      314.9(4) 
          1 Mg6      314.9(4)              2  Mg1      317.6(5)                   4  Mg1      318.9(2)                
Pd3:   2 Mg4A   304.4(7)                        2  Mg1      287.9(7)                      2  Mg5A   333.7(8) 
          1 Mg4B    277.4(6)              2  Mg6      343.1(8)            or           2  Pd5B    296.7(9) 
 
 
The coordination type polyhedron around Pd7 is an icosahedron, which is an inner 
icosahedron of the Mackay cluster (MI) at the 2a site. It has the highest site symmetry 
m3 among the polyhedra. The corresponding (MI) is shown in Fig. 5.31a. The outer shell 
of the (MI) is formed by twelve Pd3 at the vertices of the large icosahedron and 24 Mg1 
+ 6 Mg6 at the vertices of the icosidodecahedron. The inner icosahedron is formed by 12 
Mg2 atoms. The coordination type polyhedra around Mg1 and Mg6 are bi-equatorial bi-
polarly capped pentagonal prisms (CN14), whereas those around Pd3 and Mg2 are 
represented by an icosahedron and a bi-capped pentagonal prism, respectively. Both, 
Pd5B and Mg5A have an icosahedral environment. The polyhedra of ligancy 13 and 14 
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are observed for Mg4A and Mg4B, respectively. The volumes of coordination polyhedra 
extends from 60.37 × 106 pm3 to 84.68 × 106 pm3, whereas the volumes of the Voronoi 
cells are in the range from 16.52 × 106 pm3 to 20.97 × 106 pm3 as shown in Table 5.26. 
The sums of the domain volumes are equal to the cell volumes. 
 
Table 5.26: Coordination numbers (CN), volumes of coordination polyhedra (Vol. of CP) and 
Voronoi cells (Vol. of VC) of δ-Mg56.6Pd13.4. 
 
5.2.8 Crystal structure of the δ-phase 
The new binary phase δ-Mg56.6Pd13.4 is isostructural with Sc56.8Rh13.6 [73]. The crystal 
structure is best described as a body centred packing of Mackay clusters as shown in Fig. 
5.31a, b and points out the close relationship to the γ-phase, and at the same time 
explains why the reflections h + k + l = 2n + 1 are only weakly observed small in the 
powder pattern of the γ-phase. Based on the average of the electron density in 
combination with the knowledge of the crystal structure of the γ-phase, the disorder of 
the δ-phase might be explained as follows. Every Mackay cluster is either enclosed by a 
rhombic icosidodecahedron of 60 atoms or by an augmented rhombic icosidodecahedron 
of 72 atoms. However, both types of shells are randomly distributed with equal 
probability in the bcc packing. The relationship between the γ- and δ-phase is shown in 
Fig. 5.31e by the split model and the corresponding shells of the rhombic 
Atom   CN Vol. of CP in 106 pm3 Vol. of VC in 106 pm3                                
Mg1 14 81.41 20.97 
Mg2 12 65.66 19.63 
Pd3 12 63.22 17.33 
Mg4A 14 83.75 20.28 
Mg4B 13 77.25 19.86 
Pd5B 12 72.49 19.63 
Mg5A 12 72.49 19.88 
Mg6 14 84.68 20.27 
Pd7 12 60.37 16.52 
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icosidodecahedron (Fig. 5.31f), and the augmented rhombic icosidodecahedron (Fig. 
5.31i).  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 5.31 Crystal structure of δ-Mg56.6Pd13.4: (a) the three concentric shells of the MI cluster 
centred by Pd7: the first shell is an inner icosahedron built up of 12 Mg2; the second shell is the 
icosidodecahedron built up of 24 Mg1 + 6 Mg6 and the third shell is the outer icosahedron built 
up of 12 Pd3; (b) body centred cubic packing of Mackay clusters. 
(b) 
(a) 
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Fig. 5.31 (continued): (c) Chemically disordered polyhedron connecting two Mackay clusters of 
the site 2a at (0, 0, 0) and at (1/2, 1/2, 1/2) along [001], [010] and [001]; (d) the chemically 
disordered shell enclosing the Mackay cluster of the site 2a at (0, 0, 0) and at (1/2, 1/2, 1/2) links 
each other by sharing the “glue” atoms (Mg4A, Mg4B, Mg5A and Pd5B) along [001], [010] and 
[001]; (e) the configuration of the “glue” atoms (rectangular or hexagonal face) resulting from (d) 
depends on reasonable interatomic distances as shown in Fig. 5.31 (f), (i) and (k).  
(e) 
(c) (d) 
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Fig. 5.31 (continued): (f) Ordered arrangement of the concentric shell enclosing the Mackay 
cluster: the rectangular faces are of the type Mg4A-Mg4A-Mg4A-Mg4A; (g) octahedra 
connecting the MIs of the site 2a at (0, 0, 0) and at (1/2, 1/2, 1/2) along [001], [010] and [001] for 
the ordering arrangement deriving from (d) and (f); (h) distorted octahedra connecting the 
Mackay clusters along [111] with respect to Fig. 5.31(b). 
(f) 
(g) 
(h) 
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Fig. 5.31 (continued): (i) Ordered arrangement of the concentric shell enclosing the Mackay 
icosahedron: the hexagons faces of the augmented rhombic icosidodecahedron are now of type 
Mg5A-Mg4B-Mg4B-Mg4B-Mg4B-Mg5A for the ordering arrangement deriving from (i); (j) the 
hexagonal bipyramids connecting the MIs of the site 2a at (0, 0, 0), and (1/2, 1/2, 1/2) for the 
ordering arrangement deriving from Fig. 5.31 (d) and (i). 
(i) 
(j) 
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Fig. 5.31 (continued): (k) Ordered arrangement of the concentric shell enclosing the Mackay 
icosahedron: the hexagons faces of the augmented rhombic icosidodecahedron are now of type 
Pd5B-Mg4B-Mg4B-Mg4B-Mg4B-Pd5B; (l) the hexagonal bipyramids connecting the MIs of the 
site 2a at (0, 0, 0), and (1/2, 1/2, 1/2) for the ordering arrangement deriving from Fig. 5.31 (d) 
and (k). 
(k) 
(l) 
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In addition, the group-subgroup relationships for both phases are shown in Fig. 5.32. 
Using Fig. 5.32 and by comparing it with Fig. 5.27 (f, h) and Fig. 5.31 (f, i, k) it is easily 
shown that the rectangular faces of the rhombic icosidodecahedron of the γ-phase (Mg3-
Mg3-Mg3-Mg3) are now replaced by faces of the type (Mg4A-Mg4A-Mg4A-Mg4A). 
Similarly, the hexagons of the rhombic icosidodecahedron are now defined by (Mg5A-
Mg4B-Mg4B-Mg4B-Mg4B-Mg5A) instead of (Mg10-Mg7-Mg7-Mg7-Mg7-Mg10) in 
the γ-phase. The corresponding octahedra and the two possible series of hexagonal bi-
pyramids connecting the MIs are shown in Fig. 5.31 (g, h, j, l). 
A disordered arrangement of both shells would result in a composition identical to that of 
the γ-phase, i.e. 81.4 at.% Mg. However, in case of the δ-phase ca. 16% of the Mg5 
atoms are replaced by palladium atoms. The refinement is in favour of a small local 
displacement of these Pd atoms in comparison to the Mg5 atoms. However, within 
experimental resolution no clear splitting of the local minimum density was found. 
Hence, the Mg atoms and the Pd atoms at this site have been labelled Mg5A and Pd5B, 
respectively. 
Metrical data for the different shells are summarized in Table 5.27. 
 
 
 
 
 
 
Table 5.27: Metrical data for the different shells of the crystal structure of δ-Mg56.6Pd13.4; average 
distances are given.                             
Shell Centre to vertex (pm) 
Inner icosahedron 288 
Icosidodecahedron 521 
Outer icosahedron 550 
Rhombic icosidodecahedron 742 - 759  
 
 
 
 
 
 
Im3  (δ-Mg56.6Pd13.4) 
Mg1: 48h Mg2: 24g Pd3:  24g Mg4A: 24g Mg4B: 24g Pd5B: 12e Mg5A: 12e Mg6: 12d Pd7: 2a 
0.1169 0.0000 0.0000 0.0000 0.0000 0.1657 0.1981 0.3691 0.0000 
0.2958 0.1089 0.2042 0.3874 0.4013 0.0000 0.0000 0.0000 0.0000 
0.1803 0.1733 0.3331 0.3750 0.3188 0.5000 0.5000 0.0000 0.0000 
 
 
           
 
Pm 3  (γ-Mg57Pd13) 
Mg1: 
24l 
Mg2: 
24l 
Mg6: 
12k 
Mg5: 
12j 
Pd8: 12j Pd4: 12k Mg3: 
12k 
Mg7: 
12j 
Mg10: 
6f 
Mg11: 
6e 
Mg9: 6h Pd13: 
1a 
Pd12: 
1b 
0.1169 0.6144 0.0000 0.5000 0.0000 0.5000 0.5000 0.0000 0.6964 0.3590 0.8787 0.0000 0.50000 
0.2958 0.8045 0.1098 0.6081 0.2039 0.7037 0.8871 0.4011 0.5000 0.0000 0.5000 0.0000 0.50000 
0.1803 0.6862 0.1716 0.6745 0.3357 0.8307 0.8745 0.3179 1.0000 0.0000 0.5000 0.0000 0.50000 
 
Fig. 5.32: Group-subgroup scheme in the Bärnighausen formalism [74, 75] for the crystal structures of δ-Mg56.6Pd13.4 (Im 3 ) and γ-Mg57Pd13 (Pm 3 ). 
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As the δ-phase was obtained only as one single crystal specimen, the stability of this 
phase is still speculative. A similar problem was encountered in the binary system Sc-Rh. 
The authors in ref. [76] found Sc57Rh13 to melt congruently, but no information was given 
about the thermal stability of the disordered phase, Sc56.8Rh13.6. There are several 
possibilities: (a) the δ-phase is stabilized by a very small amount of impurities; (b) the δ-
phase is a metastable phase with respect to all phases of the binary phase diagram; and (c) 
the δ-phase is a higher temperature phase and forms by an order-disorder transformation 
from the γ-phase. 
The most likely scenario is given by (c). Due to the small stability field of the high 
temperature phase γ, the expected stability field of the δ-phase would even be smaller and 
higher in temperature. Therefore, it should be very difficult to obtain the δ-phase as bulk 
material in case of a fast transformation to the γ-phase. As the temperature and 
compositional range is so tiny, an experimental verification is a real challenge. In that 
case, the question about the dependence of the order-disorder transformation arises. 
Because the bulk material of sample No. 26 at 81 at.% Mg revealed the superstructure 
reflections in the powder pattern, the vast majority of the sample must be the γ-phase.  
The γ-phase of this sample at 81 at.% has a slightly smaller unit cell parameter compared 
with the data obtained from the sample at 82 at.% Mg. Therefore, one might assume a 
small homogeneity range of the γ-phase which undergoes an order-disorder 
transformation to the δ-phase. A small homogeneity range of the γ-phase poses no 
problem. In that case, the Mg10 position is occupied by Mg and a small number of Pd 
atoms. It is interesting to note that this position is the only icosahedral site not counting 
the centres of the Mackay clusters. Many examples have been found in other system, e.g., 
ε-Ag6Mg27, where this kind of position is affected by disorder. Assuming a disorder-order 
transformation the formula of the δ-phase should be δ-Mg57Pd13 instead of δ-Mg56.6Pd13.4.  
5.2.9 Physical properties of the γ-phase 
The results of the electrical resistivity measurements for the γ-phase at 82 at.% Mg and 
81 at.% Mg are presented in Fig. 5.33. The γ-phase shows metallic behaviour. A stronger 
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temperature dependence is observed at the composition 82 at.% Mg than at 81 at.% Mg. 
In Table 5.28, the residual resistivity ρo, the temperature-dependent contribution ρ300K - 
ρo and the residual resistivity ratio ρ300K/ρo are listed. 
 
 
 
Table 5.28: Residual electrical resistivity ρo, temperature-dependent contribution ρ300K - ρo and 
residual electrical resistivity ratio ρ300K/ρo for the γ-phase. 
At.% Mg ρo (µΩcm) ρ300K - ρo (µΩcm) ρ300K/ρo 
81 (No. 26) 3.32 3.55 2.05  
82 (No. 22) 12.81 31.88 3.51 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 5.33: (a) Electrical resistivity ρ(T) of the γ-Mg57Pd13 from samples No. 22 (82 at.% Mg with 
traces of β-phase) and No. 26 (81 at.% Mg with traces of ζ-phase). 
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Fig. 5.33 (continued): (b) normalized electrical resistivity ρ(T)/ ρ300K of γ-Mg57Pd13 from samples 
No. 22 (82 at.% Mg with traces of β-phase) and No. 26 (81 at.% Mg with traces of ζ-phase). 
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5.3 Mg306Pd77: The ε-phase 
5.3.1 Introduction 
According to Spiekermann [48], ε-Mg306Pd77 crystallizes orthorhombic C-centred 
(oC1532, Cmma) with a = 2805.4(6) pm, b = 2806.2(6) pm, c = 3838.7(8) pm. 1532 
atoms are distributed over 129 crystallographically different sites. No information was 
given on the thermal stability of the ε-phase. In this work, the heterogeneous equilibria 
close to the ε-phase are described. The crystal structure was redetermined and 
corresponds with the data reported by Spiekermann. 
5.3.2 Heterogeneous equilibria 
The samples No. 30 to No. 33 have been used for phase analytical studies close to the ε-
phase. The region of the Mg-rich phase diagram close to the ε-phase is shown in Fig. 
5.34. The results obtained from DTA/DSC, metallography, quantitative chemical 
analyses, X-ray powder diffraction and the melt-centrifugation technique are listed in 
Table 5.29. 
 
  Table 5.29: Results of the phase analytical studies of the samples No. 30-33. 
No. 30: 80 at.% Mg, as-cast, w.q.m., XRPD in Fig. 5.35: γ, ζ, and η-phase. 
No. 31: 80 at.% Mg, as-cast, s.c.d., XRPD in Fig. 5.36: β and ε are main phases and γ and ζ 
minority phases. 
No. 32: 80 at.% Mg, at 500 oC and three weeks, ICP: 79.9 at % Mg; DSC, 5 K/min, Fig. 8.55-32, 
four endothermic peaks, γ + ζ = ε, Tpe = 561, L = γ + ζ, Te = 564 
oC, L + η = ζ, Te = 583 
oC, L = 
η, Tp = 603 
oC, three exothermic peaks; XRPD in Fig. 5.37: ε-phase as main phase, ζ and γ minor 
phases prior DSC, β, γ, ε, ζ, and η after DSC; a(ε) = 2806.9(6) pm, b(ε) = 2807.7(6) pm, c(ε) = 
3844.0(8) pm; microstructure in Fig. 5.38; EDXS: ε: 80.5(5) for 20 × 20 µm2, γ: 81.8(5) for spot 
analysis, ζ: 79.5(5) for spot analysis.  
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No. 33: 80 at.% Mg, at 430 oC; DSC, 5 K/min, Fig. 8.56-33, four endothermic peaks, γ + ζ = ε, 
Tpe = 560, L = γ + ζ, Te = 568 
oC, L + η = ζ, Te = 583 
oC, L = η, Tp = 617 
oC, three exothermic 
peaks are observed at 605 oC, 551 oC and 546 oC; XRPD: ζ as main, ε and γ are minority phases. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
As discussed in the section 5.2.3 on the γ-phase several samples obtained at 81 at.% Mg 
revealed the ε-phase after heat treatment at 500 oC. The ε-phase does not form by 
quenching from the melt. The X-ray powder pattern of quenched as-cast alloy at 80 at.% 
Mg (No. 30) revealed diffraction lines of γ-, ζ- and η-phases, only (Fig. 5.35). These 
Fig. 5.34: Part of the Mg-Pd phase diagram between 78-82 at.% Mg. : samples within solid 
two-phase fields; 	: sample prepared by use of the melt centrifugation technique, a solid/liquid 
two-phase field is obtained; ◊: temperature of the invariant reactions; : liquidus temperature; 
 : temperature observed only in cooling runs.  
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results strongly support the idea that the ε-phase has no contact to a liquid, whereas ζ and 
η are formed by peritectic reactions. The solidification path, assuming Scheil conditions, 
is obtained by the following the reactions (L → η, L → ζ, L = γ + ζ) until the eutectic 
point at 81 at.% Mg is reached. A sample with the same composition, i.e. 80 at.% (No. 
31), which has been obtained by slow cooling from the melt to ambient temperature 
reveals the ε-phase and the β-phase as the majority phases. The ε-phase is formed by the 
reaction γ + ζ = ε. However, the sample did not reach the equilibrium state, because 
traces of γ and ζ are still detectable. Equilibrium at 500 oC is not reached even after 
annealing for three weeks. After annealing at 500 oC the ε-phase is the majority phase, 
but traces of γ and ζ are still present (No. 32). The powder patterns of samples No. 31 and 
No. 32 are shown in Fig. 5.36 and 5.39, respectively. A similar annealing experiment at 
430 oC (No. 33) shows that, in fact, the reaction rate is too slow. Only a small amount of 
the ε-phase was formed. The microstructure of sample No. 32 at 80 at.% Mg is shown in 
Fig. 5.38. Patches of γ- and ζ-phase are visible in the BSE image separated by layers of 
the ε-phase. All results strongly support a peritectoid formation of the ε-phase (γ + ζ = ε). 
The composition for all three phases was determined by EDXS investigations: ε as the 
main phase with 80.5(5) at.% Mg, 79.5(5) at.% Mg for the ζ and 81.8(5) at.% Mg for the 
γ-phase. 
A DSC measurement of sample No. 32 revealed four endothermic events during heating 
run as shown in Fig. 8.55-32 (appendix 8.7). The first peak at 561 oC (onset at 560 oC) is 
assigned to the peritectoid reaction γ + ζ = ε, the second effect at 577 oC (onset at 565 oC) 
is attributed to the eutectic reaction (L = γ + ζ), the third peak at 591 oC (onset at 581 oC) 
characterizes the peritectic reaction  L + η = ζ, and the peak at 603 
oC is allotted to the 
liquidus curve. The cooling curve shows three exothermic peaks at 592 oC, 548 oC, and 
544 oC. The X-ray powder pattern obtained after the DSC measurement contains the β-, 
ε-, ζ-, γ- and η-phases as shown Fig. 8.25 (appendix 8.6). 
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Fig. 5.35: X-ray powder pattern (Cu Kα1) of an as-cast alloy with 80 at.% Mg (No. 30); the X-ray 
pattern contains the β-, γ-, ζ- and η-phases. The calculated patterns of β (red), γ (pink), ζ (blue) 
and η (yellow) are shown. The inset is the enlarged part from 18-42o 2θ. 
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Fig. 5.36: X-ray powder diffraction pattern (Cu Kα1) of an alloy with 80 at.% Mg melts at 650 
oC 
and subsequently cooled down to ambient temperature with 50 oC/min (sample No. 31); the 
pattern contains β-, ε- and ζ-phases as majority compounds. The γ-phase is present in traces, 
only. The calculated patterns of β (red), γ (yellow), ε (blue) and ζ (pink) are shown. The inset is 
the enlarged part from 18-42o 2θ. 
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Fig. 5.37: X-ray powder diffraction pattern (Cu Kα1) of an alloy with 80 at.% Mg annealed at 500 
oC for three weeks (No. 32); the X-ray pattern contains the ε-phase as majority compound. The γ- 
and ζ-phases are present in traces, only. The calculated patterns of γ (blue), ε (red) and ζ (yellow) 
are shown. The inset is the enlarged part from 18.7-28.7o 2θ.  
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Fig. 5.38: Microstructure (BSE image) of an alloy with 80 at.% annealed at 500 oC for three 
weeks (No. 32): (i) ε as the main phase (EDXS: 80.5(5) at.% Mg for 20 × 20 µm2), (ii) the ζ-
phase (EDXS: 79.5(5) at.% Mg for spot analysis) and (iii) the γ-phase (EDXS, 81.8(5) at.% Mg 
for spot analysis).  
 
5.3.3 Redetermination of the crystal structure 
A single crystal of the ε-phase was prepared from sample No. 32. Due to the peritectoid 
formation of the ε-phase it was difficult to find a suitable specimen. In agreement with 
the reported data [48], the ε-phase crystallizes orthorhombic C-centred with a = 
2806.9(6) pm, b = 2807.7(6) pm, and c = 3844.0(8) pm. Extinctions and Laue symmetry 
are in agreement with the space groups C222, Cmmm, Cmm2, Amm2, Cmma, and Abm2. 
The crystal structure was solved by direct methods using the program SHELXS-97 in the 
space group Cmma and refined using the full matrix least-squares procedure. The results 
(ii) 
(i) 
(iii) 
5.3. Mg306Pd77: The ε-phase 
 
 
  
127
of the refinement within estimated standard deviations are consistent with the previously 
reported data [48]. The only difference is given by the fact that, the crystal and the data 
collection are of higher quality in the present work. Much more data were collected with 
high precision (18024 unique data versus 11201; 17614 data with Fo
2 > 2θ (Fo
2) versus 
3829 and Rint = 0.07 versus Rint = 0.27). 1532 atoms in the unit cell are distributed over 
129 different crystallographic sites. In agreement with the previously reported crystal 
data [48] that a large residual density of about 11 e/Å3 remains at a position 1.5 Å from 
the Mg56 site. The corresponding contour plot is shown Fig. 5.39. The residual electron 
density takes a position in between two Mg56 sites on a mirror plane. As it was 
impossible to develop a conclusive picture for these densities by use of a disorder model, 
the refinement was performed by assigning Mg to the electron density at Mg56. This, of 
course, is unsatisfactory. As the crystal structure has been described in detail before, the 
discussion on the crystal chemistry is restricted here to the arrangement of Mackay 
clusters. A deeper understanding of this feature of the crystal structure is important for 
the discussion of the ζ-phase. Crystallographic data and results of the structure 
refinement are given in Table 5.30; fractional atomic coordinates are presented in Table 
5.31. Anisotropic displacement parameters are given in Table 8.7 (Appendix 8.2). 
  
 
 
 
 
 
 
 
 
Fig. 5.39: Contour plot of the electron density (Fobs) (3 × 3 Å) showing the site Mg56 and Mg98 
in the crystal structure of the ε-phase. 
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Table 5.30: Crystal data and structure refinement of ε-Mg306Pd77 obtained from sample No. 32 
Crystal data  
Starting composition (at.% Mg) 80 (No. 32, ε, γ, ζ) 
Refined composition (at.% Mg) 79.9 
Formula Mg306Pd77 
Formula weight (g/mol) 15631.67 
Crystal system, Space group Orthorhombic, Cmma  
Unit cell (pm), Volume (106 pm3) 
a = 2806.9(6), b = 2807.7(6), c = 3844.0(8) 
V = 30294(10) 
Formula unit per cell (Z) 4 
Crystal size (µm3), colour 50 × 65 × 105, metallic lustre 
ρcal (g/cm
3) 3.427  
µ (mm-1) 5.10  
Data collection  
Diffractometer, monochromator, scan 
mode 
Rigaku R-AXIS RAPID, graphite, ω 
Radiation  Mo Kα  
Wave length (pm)  0.71073  
Temperature (K) 293(2) 
Tmax/Tmin 1.064 
F(000) 28856 
Detector distance (mm) 127.4 
2θ-range  (o) 3 – 55 
Range in h, k, l -36 < h < 36,  -36 < k < 36,  - 49 < l < 44 
No. of reflections/unique 152997/18024 
Reflections with I > 2σ(I) 17614  
Rint/Rσ 0.076/0.057 
Refinement  
No. of parameters 951 
Goodness-of fit on F2 1.42 
 [I > 2σ(I)] 0.098/0.196 
R1/wR2 (all data) 0.1009/0.199 
Max./min of residual (e/Å3) +11.84(3)/-2.30(3) 
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Table 5.31: Fractional atomic coordinates and equivalent isotropic displacement parameters of ε-
Mg306Pd77, No. 32; Uiso/Ueq (10
4 pm2).  
No Atom   Site   s.o.f. x y z Uiso/Ueq            
1 Mg1 16o 1 0.0495(2) 0.0009(2) 0.1168(2) 133(11) 
2 Mg2 16o 1 0.0507(2) 0.0008(2) 0.2487(2) 150(11) 
3 Mg3 16o 1 0.0568(2) 0.1567(2) 0.0724(2) 146(11) 
4 Mg4 16o 1 0.0586(2) 0.0891(2) 0.4190(2) 208(12) 
5 Mg5 16o 1 0.0612(2) 0.0551(2) 0.4976(2) 163(11) 
6 Mg6 16o 1 0.0775(2) 0.0806(2) 0.5738(2) 184(12) 
7 Pd1 16o 1 0.0798(1) 0.1569(1) 0.2822(1) 211(3) 
8 Mg7 16o 1 0.0785(2) 0.1604(2) 0.3601(2) 269(14) 
9 Pd2 16o 1 0.0822(1) 0.1019(1) -0.00002 129(3) 
10 Mg8 16o 1 0.0872(2) 0.1958(2) 0.1845(2) 261(14) 
11 Mg9 16o 1 0.0914(2) 0.2005(2) 0.0005(2) 126(10) 
12 Mg10 16o 1 0.0931(2) 0.1571(2) 0.5176(2) 179(12) 
13 Mg11   16o 1 0.0933(2) 0.0977(2) 0.1417(2) 146(11) 
14 Mg12 16o 1  0.0922(2) 0.1923(2) 0.4375(2) 194(12) 
15 Mg13 16o 1 0.0955(2) 0.0628(2) 0.3052(2) 181(12) 
16 Mg14 16o 1 0.0978(2) 0.0989(2) 0.2255(2) 173(12) 
17 Pd3 16o 1 0.1001(2) 0.0017(2) 0.1845(2) 140(11) 
18 Mg15 16o 1 0.1017(4) 0.0096(4) 0.4375(3) 165(3) 
19 Pd4 16o 1 0.1027(2) 0.0585(2) 0.0665(2) 126(11) 
20 Mg16 16o 1 0.1484(4) 0.0002(4) 0.1240(3) 133(3) 
21 Mg17 16o 1 0.1519(2) 0.1932(2) 0.1140(2) 144(11) 
22 Mg18 16o 1 0.1542(2) 0.0579(2) 0.3796(2) 154(11) 
23 Mg19 16o 1 0.1542(2) 0.0950(2) 0.4609(2) 141(11) 
24 Mg20 16o 1 0.1577(2) 0.1907(2) 0.2476(2) 166(11) 
25 Mg21 16o 1 0.1599(2) 0.1472(2) 0.0431(2) 145(11) 
26 Pd5 16o 1 0.1598(5) 0.0829(5) 0.5381(4) 216(3) 
27 Pd6 16o 1 0.1646(5) 0.1490(5) 0.3952(4) 209(3) 
28 Mg22 16o 1 0.1656(2) 0.1533(2) 0.3239(2) 179(12) 
29 Pd7 16o 1 0.1659(4) 0.1482(4) 0.1798(3) 160(3) 
30 Mg23 16o 1 0.1900(2) 0.0568(2) 0.1864(2) 150(11) 
31 Mg24 16o 1 0.1918(2) 0.0905(2) 0.1099(2) 152(11) 
32 Mg25 16o 1 0.1924(2) 0.0876(2) 0.2647(2) 155(11) 
33 Mg26 16o 1 0.1928(2) 0.0018(2) 0.3133(2) 153(11) 
34 Mg27 16o 1 0.2038(2) 0.1605(2) 0.5199(2) 166(11) 
35 Mg28 16o 1 0.2059(2) 0.1950(2) 0.4449(2) 168(2) 
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Table 5.31 continued. 
36 Mg29 16o 1 0.2499(2) 0.0852(2) 0.0407(2) 111(10) 
37 Pd8 16o 1 0.2503(4) 0.1676(4) 0.0743(3) 128(3) 
38 Mg30 16o 1 0.2496(2) 0.0888(2) 0.3385(2) 159(11) 
39 Mg31 16o 1 0.2509(2) 0.1614(2) 0.1463(2) 135(11) 
40 Mg32 16o 1 0.2503(2) 0.0959(2) 0.4185(2) 150(11) 
41 Mg33 16o 1 0.2518(2) 0.1504(2) 0.2187(2) 143(11) 
42 Mg34 16o 1 0.2521(2) 0.1912(2) 0.3689(2) 159(11) 
43 Pd9 16o 1 0.2534(4) 0.1656(4) 0.2899(3) 124(3) 
44 Mg35 16o 1 0.3014(2) 0.0012(2) 0.4353(2) 150(11) 
45 Mg36 16o  1 0.3052(2) -0.00005 0.0636(2) 121(10) 
46 Mg37 16o 1 0.3085(2) 0.0876(2) 0.2656(2) 152(11) 
47 Mg38 16o 1 0.3089(2) 0.0899(2) 0.1099(2) 149(11) 
48 Mg39 16o 1 0.3112(2) 0.0561(2) 0.1866(2) 145(11) 
49 Pd10 16o 1 0.3352(4) 0.1473(4) 0.1802(3) 136(3) 
50 Mg40 16o 1 0.3356(2) 0.0544(2) 0.0001(2) 110(10) 
51 Mg41 16o 1 0.3401(2) 0.1469(2) 0.0428(2) 144(11) 
52 Mg42 16o 1 0.3406(2) 0.0544(2) 0.3778(2) 163(11) 
53 Mg43 16o 1 0.3413(2) 0.1536(2) 0.3272(2) 185(12) 
54 Mg44 16o 1 0.3469(2) 0.1558(2) 0.4072(2) 171(11) 
55 Mg45 16o 1 0.3465(2) 0.1907(2) 0.2493(2) 149(11) 
56 Mg46 16o 1 0.3485(2) 0.1928(2) 0.1137(2) 145(11) 
57 Pd11 16o 1 0.3503(4) 0.00003(4 0.2475(3) 135(3) 
58 Mg47 16o 1 0.3979(2) 0.0581(2) 0.0663(2) 147(11) 
59 Mg48 16o 1 0.4021(2) 0.0530(2) 0.3019(2) 176(12) 
60 Mg49 16o 1 0.4044(2) 0.0959(2) 0.0225(2) 155(11) 
61 Mg50 16o 1 0.4075(2) 0.0960(2) 0.1418(2) 136(11) 
62 Mg51 16o 1 0.4131(2) 0.1951(2) 0.1828(2) 142(11) 
63 Pd12 16o 1 0.4161(4) 0.1067(4) 0.3586(3) 141(3) 
64 Mg52 16o 1 0.4263(2) 0.1996(2) 0.3629(2) 180(12) 
65 Mg53 16o 1 0.4399(2) 0.1560(2) 0.2911(2) 222(13) 
66 Mg54 16o 1 0.4405(2) 0.0050(2) 0.3697(2) 156(11) 
67 Mg55 16o 1 0.4433(2) 0.1566(2) 0.0712(2) 136(11) 
68 Mg56 8n 0.64(4) 0.0508(6) 1/4 0.3776(4) 390(6) 
69 Mg57 8n 1 0.0539(3) 1/4 0.1206(2) 198(17) 
70 Mg58 8n 1 0.0563(4) 1/4 0.2473(3) 360(2) 
71 Pd13 8n 1 0.0565(6) 1/4 0.4987(5) 144(4) 
72 Mg59 8n 1 0.0916(3) 1/4 0.5675(2) 180(17) 
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Table 5.31 continued. 
73 Mg60 8n 1 0.0981(3) 1/4 0.3103(2) 177(17) 
74 Pd14 8n 1 0.1011(6) 1/4 0.0627(4) 139(4) 
75 Mg61 8n 1 0.1482(3) 1/4 0.4974(2) 136(15) 
76 Mg62 8n 1 0.1557(2) 1/4 0.3811(2) 84(14) 
77 Mg63 8n 1 0.1895(3) 1/4 0.1810(2) 174(16) 
78 Mg64 8n 1 0.1928(3) 1/4 0.0447(2) 142(15) 
79 Mg65 8n 1 0.2030(2) 1/4 0.3110(2) 77(14) 
80 Mg66 8n 1 0.2503(3) 1/4 0.1093(2) 148(16) 
81 Mg67 8n 1 0.2525(3) 1/4 0.2470(2) 147(16) 
82 Mg68 8n 1 0.2962(3) 1/4 0.4332(2) 165(16) 
83 Mg69 8n 1 0.3069(3) 1/4 0.0446(2) 139(15) 
84 Mg70 8n 1 0.3057(3) 1/4 0.3117(2) 173(17) 
85 Mg71 8n 1 0.3127(3) 1/4 0.1809(2) 153(16) 
86 Pd15 8n 1 0.3434(7) 1/4 0.3755(5) 191(4) 
87 Pd16 8n 1 0.3986(6) 1/4 0.0616(4) 142(4) 
88 Pd17 8n 1 0.3999(7) 1/4 0.3043(5) 203(4) 
89 Mg72 8n 1 0.4453(3) 1/4 0.2459(2) 154(16) 
90 Mg73 8n 1 0.4460(3) 1/4 0.1190(2) 122(15) 
91 Mg74 8m 1 0 0.0057(3) 0.5571(2) 172(16) 
92 Pd18 8m 1 0 0.0104(7) 0.3098(5) 189(4) 
93 Mg75 8m 1 0 0.0610(3) 0.1828(2) 160(16) 
94 Mg76 8m 1 0 0.0622(3) 0.0419(2) 130(15) 
95 Pd19 8m 1 0 0.0856(6) 0.1090(5) 153(4) 
96 Mg77 8m 1 0 0.0871(3) 0.3510(2) 211(18) 
97 Mg78 8m 1 0 0.0932(3) 0.2725(2) 229(18) 
98 Pd20 8m 1 0 0.1066(6) 0.5360(4) 136(4) 
99 Mg79 8m 1 0 0.1364(4) 0.6062(3) 330(2) 
100 Mg80 8m 1 0 0.1518(3) 0.0006(2) 141(15) 
101 Mg81 8m 1 0 0.1534(3) 0.4733(2) 197(17) 
102 Mg82 8m 1 0 0.1622(3) 0.1467(2) 221(18) 
103 Pd21 8m 1 0 0.1628(6) 0.4014(5) 154(4) 
104 Mg83 8m 1 0 0.1671(4) 0.2265(3) 380(2) 
105 Mg84 8m 1 0 0.1927(3) 0.3102(2) 290(2) 
106 Mg85 8m 1 0 0.1996(3) 0.5444(2) 202(17) 
107 Mg86 8m 1 0 0.5589(3) 0.1832(2) 146(16) 
108 Mg87 8m 1 0 0.5623(3) 0.0412(2) 128(15) 
109 Mg88 8m 1 0 0.5802(3) 0.3293(2) 188(17) 
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Table 5.31 continued. 
110 Pd22 8m 1 0 0.5824(7) 0.2593(5) 216(4) 
111 Pd23 8m 1 0 0.5835(6) 0.1082(4) 139(4) 
112 Mg89 8m 1 0 0.6608(3) 0.2227(2) 126(15) 
113 Mg90 8m 1 0 0.6614(3) 0.1432(2) 159(16) 
114 Mg91 8l 1 1/4 0 0.1324(2) 119(15) 
115 Mg92 8l 1 1/4 0 0.2409(2) 139(15) 
116 Pd24 8l 1 1/4 0 0.3732(4) 123(3) 
117 Mg93 8k 1 1/4 0.0599(3) 1/2 139(15) 
118 Mg94 8j 1 1/4 0.1786(3) 0 112(14) 
119 Mg95 8i 1 0.1494(3) 0 1/2 161(16) 
120 Mg96 8h 1 0.0705(3) 0 0 107(14) 
121 Mg97 4g 1 0 1/4 0.0446(3) 170(2) 
122 Pd25 4g 1 0 1/4 0.1828(6) 81(4) 
123 Mg98 4g 1 0 1/4 0.4436(3) 210(2) 
124 Pd26 4g 1 0 1/4 0.6063(7) 166(5) 
125 Mg99 4g 1 0 1/4 0.6833(3) 190(2) 
126 Pd27 4g 1 0 1/4 0.8172(6) 96(5) 
127 Mg100 4g 1 0 1/4 0.9563(3) 140(2) 
128 Pd28 4f 1 1/4 1/4 1/2 95(5) 
129 Pd29 4a 1 1/4 1/4 0 80(4) 
 
5.3.4 Crystal chemistry 
The crystal structure of the ε-phase is basically composed of three different types of slabs 
A, B, and C, which are stacked in sequences of Mackay clusters (A B C B A) along [001] 
as shown in Fig. 5.40.  
The A slab is composed of Pd29 atoms with the corresponding Mackay clusters. The 
coordination type polyhedron of this atom is an icosahedron with site symmetry 222. 
Pd29 is located at a centre of a Mackay cluster (MI) which is enclosed by a perfect 
rhombic icosidodecahedron. The successive atom shells centred by Pd29 are shown in 
Fig. 5.41. The different atoms of each shell are listed in Table 5.32. All the atom shells 
centred by Pd29 are nearly perfect. 
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Fig. 5.40: Selected layers of palladium atoms centred by Mackay clusters running along [001] for 
the ε-phase. The crystal structure is basically described as an intergrowth of bcc and pseudo-
hexagonal packing. 
  
 
 
 
 
 
 
 
 
 
Fig. 5.41: Successive atom shells of the cluster centred by Pd29 (a) in the crystal structure of the 
ε-phase. (b) Inner icosahedron of the Mackay cluster; (c) icosidodecahedron; (d) outer 
icosahedron of the Mackay cluster; (e) the rhombic icosidodecahedron enclosing the Mackay 
cluster; (f) icosahedron enclosing the rhombic icosidodecahedron. The Pd and Mg atoms are red 
and yellow coloured, respectively. Detailed information on each polyhedron is given in Table 
5.32.  
A 
B 
C 
B 
A 
(a) (d) (c) (b) 
(f) (e) 
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Table 5.32: Successive atom shells of the cluster centred by Pd29 in the crystal structure of the ε-
phase. 
Shell                       
centred by 
Pd29 
Atom ligand Coordination 
Number(CN) 
Shape Distance to 
centre (pm) 
(a) Pd29  
(b) Mg29,     Mg36,  Mg40 12 Inner icosahedron  284.7-289.8 
(c) Mg16, Mg21, Mg24, 
Mg38, Mg41, Mg47, 
Mg91,    Mg94,  Mg96 
30 Icosidodecahedron  501.7-519.2 
(d) Pd2, Pd4, Pd8 12 Outer icosahedron 550.5-555.4 
(e) Mg1, Mg3, Mg9, 
Mg11, Mg17, Mg23, 
Mg31, Mg39, Mg46, 
Mg50, Mg55, Mg64, 
Mg69, Mg76,     Mg87, 
60 Rhombic           
icosidodecahedron 
717.8-754.2 
(f) Mg15,  Mg66,     Mg80 12 Outer icosahedron  818.1-824.4 
 
 
The B slab (Fig. 5.40) is composed of Pd25 and Pd27 atoms and the corresponding 
Mackay clusters, which are icosahedrally surrounded (site symmetry mm2), and take the 
positions at the centre of the Mackay clusters which are enclosed by a distorted rhombic 
icosidodecahedron. For Pd25, the respective icosidodecahedron is slightly modified by 
insertion of one magnesium atom at the centre of a fivefold pentagonal face. For Pd27, 
the three concentric shells of the MI are nearly perfect. However, an augmented rhombic 
icosidodecahedron of 70 atoms encloses the MI. All these successive shells centred by 
Pd25 are shown in Fig. 5.42 and the relevant atoms of each shell are listed in Table 5.33. 
Again, the successive shells centred by Pd27 are shown in Fig. 5.43 and the relevant 
atoms of each shell are listed in Table 5.34.  
The C slab (Fig. 5.40) contains only Pd28 atoms and the corresponding Mackay clusters. 
The Pd28 atoms are icosahedrally surrounded with site symmetry 2/m. The three 
concentric shells of the MI are nearly perfect. All the successive shells centred by Pd28 
are shown in Fig. 5.44 and the relevant atoms of each shell are listed in Table 5.35. 
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Fig. 5.42: Successive atom shells of the cluster centred by Pd25 (a) in the crystal structure of the 
ε-phase. (b) Inner icosahedron of the Mackay cluster; (c) distorted icosidodecahedron; (d) outer 
icosahedron of the Mackay cluster; (e) the distorted rhombic icosidodecahedron enclosing the 
Mackay cluster. The Pd and Mg atoms are red and yellow coloured, respectively. Detailed 
information on each polyhedron is given in Table 5.33.  
 
Table 5.33: Successive atom shells of the cluster centred by Pd25 in the crystal structure of the ε-
phase. 
Shell                       
centred by 
Pd25 
Atom ligand Coordination 
Number 
(CN) 
Shape Distance to 
centre (pm) 
(a) Pd25  
(b) Mg8, Mg57, Mg58, 
Mg83,               
12 Inner icosahedron 282.9-293.5 
(c) Mg3,  Mg11, Mg14, 
Mg17, Mg20, Mg60, 
Mg63, Mg75, Mg78, 
Mg84,    Mg97 
31 Distorted 
icosidodecahedron 
514.9-561.8 
(d) Pd1, Pd7, Pd14, Pd19 12 Truncated 
icosahedron 
514.2-546.7 
(e) Mg1, Mg2, Mg7, Mg9, 
Mg13, Mg15, Mg16, 
Mg21, Mg22, Mg23, 
Mg24, Mg25, Mg31, 
Mg33, Mg64, Mg65, 
Mg66, Mg67, Mg76, 
Mg77, Mg80,   Mg56 
71 Distorted rhombic 
icosidodecahedron 
728.9-792.1 
(e) 
(a) (b) (c) (d) 
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Fig. 5.43: Successive atom shells of the cluster centred by Pd27 (a) in the crystal structure of the 
ε-phase. (b) Inner icosahedron of the Mackay cluster; (c) icosidodecahedron; (d) outer 
icosahedron of the Mackay cluster; (e) the distorted rhombic icosidodecahedron enclosing the 
Mackay cluster. The Pd and Mg atoms are red and yellow coloured, respectively. Detailed 
information on each polyhedron is given in Table 5.34.  
 
 
Table 5.34: Successive atom shells of the cluster centred by Pd27 in the crystal structure of the ε-
phase. 
Shell                       
centred by 
Pd27 
Atom ligand Coordination 
Number(CN) 
Shape Distance to 
centre (pm) 
(a) Pd27  
(b) Mg51, Mg72, Mg89, 
Mg90  
12 Inner icosahedron 287.2-293.6 
(c) Mg45, Mg46, Mg49, 
Mg50, Mg53, Mg55, 
Mg71, Mg86, Mg99, 
Mg100, Mg56 
30 Icosidodecahedron  513.7-536.3 
(e) Pd10, Pd16, Pd17, 
Pd22, Pd23 
12 Outer icosahedron  544.8-554.8 
(f) Mg1,   Mg2,    Mg9, 
Mg15, Mg31, Mg33, 
Mg37, Mg38, Mg39, 
Mg41, Mg43, Mg47, 
Mg48, Mg52, Mg66, 
Mg67, Mg69, Mg70, 
Mg80, Mg87, Mg88 
70 Distorted rhombic 
icosidodecahedron 
735.7-773.4 
 
 
 
 
 
(d) 
(e) 
(a) (b) (c) 
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Fig. 5.44: Successive atom shells of the cluster centred by Pd28 (a) in the crystal structure of the 
ε-phase. (b) Inner icosahedron of the Mackay cluster; (c) icosidodecahedron; (d) outer 
icosahedron of the Mackay cluster; (e) the distorted rhombic icosidodecahedron enclosing the 
Mackay cluster. The Pd and Mg atoms are red and yellow coloured, respectively. Detailed 
information on each polyhedron is given in Table 5.35.  
 
Table 5.35: Successive atom shells of the cluster centred by Pd28 in the crystal structure of the ε-
phase. 
Shell                       
centred by 
Pd28  
Atom ligand Coordination 
Number(CN) 
Shape Distance to 
centre (pm) 
(a) Pd28  
(b) Mg27, Mg28, Mg61, 
Mg68 
12 Inner icosahedron  286.2-292.8 
(c) Mg10, Mg12, Mg19, 
Mg32, Mg34, Mg44, 
Mg59,    Mg62,  Mg93 
30 Icosidodecahedron  514.6-533.8 
(d) Pd5, Pd6, Pd13, Pd15 12 Outer icosahedron  543.1-552.6 
(e) Mg4, Mg5, Mg6, Mg7, 
Mg18, Mg22, Mg30, 
Mg35, Mg42, Mg43, 
Mg52, Mg65, Mg70, 
Mg81, Mg85, Mg95, 
Mg98,    Mg56 
68 Distorted rhombic 
icosidodecahedron  
730.7-768.7 
(a) (b) (c) (d) 
(e) 
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The crystal structure of the ε-phase can be described as an intergrowth of bcc and 
hexagonal primitive packed layers of Mackay clusters alternating along [001] as shown in 
Fig. 5.45a. The pseudo-bcc and the pseudo-hexagonal primitive packing of Mackay 
clusters are shown in Fig. 5.45b and c. The Mackay clusters of the pseudo hexagonal 
primitive are connected by the hexagonal and pentagonal bipyramids (Fig. 5.45d). The 
arrangement of condensed and interpenetrating rhombic icosidodecahedra and their 
distorted variants enclosing the MIs is shown in Fig. 5.45a.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 5.45 (a) Crystal structure of the ε-phase: intergrowth of bcc and hexagonal primitive packed 
layers of Mackay clusters alternating along [001]. 
Mg 
Pd (a) 
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Fig. 5.45 (continued): (b) pseudo bcc packing of Mackay clusters; (c) hexagonal primitive 
packing of Mackay clusters; (d) hexagonal and pentagonal bipyramids connecting the Mackay 
clusters centred by Pd28, Pd25, and Pd27. 
(b) (c) 
(d) 
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Fig. 5.45 (continued): (e) arrangement of condensed and interpenetrating rhombic 
icosidodecahedron and their distorted variants enclosing the Mackay clusters. 
 
 
(e) 
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Fig. 5.45 (continued): (f-h) packing of three condensed distorted rhombic icosidodecahedra; (i) 
Packing of two condensed and interpenetrating distorted rhombic icosidodecahedra. 
 
(h) 
(f) (g) 
(i) 
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5.3.5 Physical properties of the ε-phase 
Electrical resistivity data of the ε-phase are shown in Fig. 5.46. The sample containing 
80% of the ε-phase (sample No. 32) shows a metallic behaviour. In Table 5.35, the 
residual resistivity ρo, the temperature-dependent contribution ρ300K - ρo, and the residual 
resistivity ratio ρ300K/ρo are listed. 
 
 
Table 5.36: Residual electrical resistivity ρo, temperature-dependent contribution ρ300K - ρo and 
residual electrical resistivity ratio ρ300K/ρo of the ε-phase. 
At.% Mg ρo (µΩcm) ρ300K - ρo (µΩcm) ρ300K/ρo 
80 (No. 32) 56.40 24.98 1.44  
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 5.46: (a) Electrical resistivity of ε-Mg306Pd77 (No. 32). 
0 50 100 150 200 250 300
0
10
20
30
40
50
60
70
80
90
 Mg306Pd77
 
ρ
 [
µ
Ω
.c
m
]
T [K]
(a) 
5.4. Mg64Pd17: The ζ-phase 
 
 
  
143
 
 
 
 
 
 
 
 
 
 
 
Fig. 5.46 (continued): (b) Normalized electrical resistivity of ε-Mg306Pd77 (No. 32). 
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5.4 Mg64Pd17: The ζ-phase 
5.4.1 Heterogeneous equilibria 
The samples No. 34 to No. 43 were used to study the phase stability close to the ε-phase. 
The results obtained from DTA/DSC, metallography, quantitative chemical analyses, X-
ray powder diffraction and the melt-centrifugation technique are listed in Table 5.37. 
 
 
Table 5.37: Results of the phase analytical studies of samples No. 34-43. 
No. 34: 79 at.% Mg, as-cast, quenching, XRPD: ζ as main phase, γ and η minority phases. 
No. 35: 79 at.% Mg, as-cast, s.c.d., XRPD: ζ and η prior and after DSC. 
No. 36: 79 at.% Mg, at 575 oC, w.q.m.; ICP: 79.1 at % Mg; DTA, 5 K/min, Fig. 8.57-36, two 
endothermic peaks, L + η = ζ, Tpe = 579 
oC, L = η, Tp = 613 
oC, two exothermic peaks; XRPD, 
Fig. 5.46: single ζ-phase prior DSC, ζ and η after DSC; a(ζ) = 2808.62(8) pm, c (ζ) = 2799.2(7) 
pm; microstructure in Fig. 5.47; EDXS: ζ: 78.4(5) for 25 × 25 µm2. 
No. 37: 79 at.% Mg, at 575 oC, s.c.d.; ICP: 79.0 at % Mg; XRPD: single ζ-phase prior DSC, ζ 
and η after DSC; a(ζ) = 2808.6(3) pm, c (ζ) = 2799.1(4) pm. 
No. 38: 79 at.% Mg, by melt centrifugation at 580 oC, solids of ζ-phase after centrifugation, Fig. 
5.50; long bar morphology single crystal was analysed by EDXS: ζ: 78.7(5) for 10 × 10 µm2, part 
of γ-phase has been found along the surface with the composition equal to 81(5) for 10 × 10 µm2.  
No. 39: 79 at.% Mg, at 500 oC, XRPD: ζ as main phase, ε as traces. 
No. 40: 79 at.% Mg, at 430 oC, DSC, 5 K/min, Fig. 8.58-40, three endothermic peaks, γ + ζ = ε, 
Tpe = 561 
oC,  L = γ + ζ, Te = 567 
oC, L + η = ζ, Te = 584 
oC, L = η, Tp = 600 
oC; XRPD: ζ as 
main phase, γ and ε as traces prior DSC. 
No. 41: 78 at.% Mg, as-cast, w.q.m.; XRPD: ζ and η as main phases, γ and θ as traces.  
No. 42: 78 at.% Mg, as-cast, s.c.d.; XRPD: ζ and η. 
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No. 43: 78 at.% Mg, at 500 oC; ICP: 77.9 at % Mg; DSC, 5 K/min, Fig. 8.59-43, three 
endothermic peaks, L + η = ζ, Te = 580 
oC, L + θ = η, Te = 622 
oC, L = η, Tp = 627 
oC, two 
exothermic peaks; XRPD, Fig. 5.48: ζ and η prior and after DSC; microstructure in Fig. 5.49; 
EDXS: ζ: 77.6(5) for 10 × 10 µm2. 
 
 
The title compound was observed in all X-ray powder patterns of as-cast alloys in the 
range from 81 at.% Mg to 76 at.% Mg. Table 5.38 summarizes the results of the phase 
analysis for the as-cast alloys. The fractions given in this table were estimated from the 
intensities of the X-ray powder patterns.  
 
 
 
Table 5.38: Results of the phase analysis for as-cast samples quenched from the melt. Given 
fractions are rough approximations. For the solidification path a Scheil-type is assumed. #: Can 
undergo a decomposition if more than ten seconds is used to quench the sample. 
Fraction (%) 
At.% Mg No. Assumed solidification path 
γ ζ η θ 
81.0 26 L = γ, L = γ + ζ 90 10   
80.0 29 L = η, L = ζ, L = γ + ζ  45 35 20  
79.0 34 L = η, L = ζ, L = γ# + ζ 50 20 30  
78.0 41 L = η, L = ζ, L = γ + ζ 30 15 55  
76.0 45 L = θ, L = η, L = ζ, L = γ + ζ 20 25 60 20 
  
 
In addition the ε-phase was observed in those as-cast samples at 80 at.% to 81 at.%, 
which were cooled down slowly. But this, one can assume a mixed type of solidification 
in between the limiting cases, i.e. under Scheil and equilibrium conditions. Table 5.39 
gives the possible solidification path assuming a mixed type between Scheil and level 
rule.
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Table 5.39: Results of the phase analyses for as-cast samples slowly cooled down from the melt. 
Given fractions are rough approximations. Solidification paths between Scheil-type and level rule 
are assumed. 
Fraction (%) 
At.% Mg No. Solidification path 
β γ ε ζ η 
80.0  31 L = ζ, L = γ + ζ, γ + ζ = ε, γ = β + ε  40 10 30 20  
79.0 35 L = η, L  + η = ζ    95 5 
78.0 42 L = η, L  + η = ζ    40 60 
76.0 46 L = θ, L + θ = η, L  + η = ζ     20 80 
 
Finally, single phase material of the ζ-phase was obtained after annealing a sample 
containing 79 at.% Mg at 575 oC for three weeks (No. 36 and 37).  
The X-ray powder pattern (No. 36) together with a calculated pattern obtained from a 
model based on single crystal structure data is shown in Fig. 5.47.  The microstructure of 
No. 36 (79 at.% Mg) is shown in Fig. 5.48. The bright field image obtained from optical 
microscopy and the corresponding BSE image revealed the presence of only one phase. 
The EDXS analysis (25 × 25 µm2) yields for the composition of the ζ-phase containing 
78.5(5) at.% Mg. 
A sample containing 78 at.% Mg annealed at 500 oC for three weeks contains the two 
phases, ζ and η. The powder pattern is shown in Fig. 5.49 and the microstructure is given 
in Fig. 5.50. Small amounts of the η-phase are immersed in the ζ-phase. The unit cell 
parameters in the ζ-phase of these samples are identical within estimated standard 
deviations. 
According to a DTA investigation (sample No. 36, shown in Fig. 8.57-36 in the appendix 
8.7) the peritectic temperature is at 580 oC and the liquidus point at 613 oC. The X-ray 
powder pattern after DTA measurement revealed the η- and the ζ-phases. The peritectic 
formation of the ζ-phase was confirmed by growing single crystals using the melt 
centrifugation method. A sample with nominal composition 79 at.% was heated at 580 oC 
for two weeks. The crystals grow with different shapes as shown in Fig. 5.51. 
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Fig. 5.47: X-ray powder diffraction pattern (Cu Kα1) of an alloy containing 79 at.% Mg and 
annealed at 575 oC for three weeks (No. 36); the X-ray pattern contains the ζ-phase. The 
calculated pattern of the ζ-phase (red) is based on a model derived from the single crystal 
structure determination. The inset is the enlarged part from 18-42o 2θ. 
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Fig. 5.48: Microstructure of an alloy containing 79 at.% Mg after annealed at 575 oC for three 
weeks (No. 36). (a) Bright field image showing single phase ζ; (b) BSE image of the same 
sample  also revealing single phase ζ (EDXS: 78.5(5) at.% Mg for 25 × 25 µm2).  
 
(b) 
(a) 
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Fig. 5.49: X-ray powder diffraction pattern (Cu Kα1) for an alloy containing 78 at.% Mg after 
annealing at 500 oC for three weeks (No. 43); the X-ray pattern contains the ζ- and the η-phase. 
The calculated patterns of the ζ-phase (red) and the η-phase (blue) are given. The inset is the 
enlarged part from 18-42o 2θ. 
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Fig. 5.50: Microstructure of an alloy contains 78 at.% Mg after annealing at 500 oC for three 
weeks (No. 43): (a) bright field image showing the ζ-phase in (i) and η-Mg3Pd (ii); (b) BSE 
image also revealing the ζ- and η-phases (EDXS: η: 74(5) at.% Mg for 10 × 10 µm2; ζ: 77.6(5) 
at.% Mg for 10 × 10 µm2). 
(i) 
(ii) 
(a) 
(b) 
(ii) 
(i) 
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Fig. 5.51: (a) Single crystals of the new phase ζ-Mg64Pd17 obtained by use of the melt 
centrifugation method from an alloy containing 79 at.% Mg, heated to 580 oC for two weeks (No. 
38) and subsequently quenched in cold water after centrifugation; (b-d) different shapes of 
crystals of the ζ-phase. 
50 µm 50 µm 
(b) 
(a) 
(c) (d) 
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5.4.2 Crystal structure solution 
In the composition region close to 80 at.% Mg four different complex crystalline 
approximants appear. The basic motif of the approximants γ-Mg57Pd13 and δ-Mg56.6Pd13.4 
obtained at 82-81 at.% Mg represents a bcc packing of Mackay clusters as shown in Fig. 
5.52a. The ε-phase synthesized at 80 at.% Mg is a C-centred orthorhombic arrangement 
with intergrowth of bcc and hexagonal primitive packed layers of Mackay clusters 
alternating along [001] (see Fig. 5.52b). At 79 at.% Mg, the ζ-phase was obtained. Single 
crystals of this phase grow with different shapes: elongated monoclinic and hexagonal 
prismatic as shown in Fig. 5.51. Based on the crystal structure of the ε-phase and taking 
into account the shape of crystals of the ζ-phase, a primitive hexagonal packing of 
Mackay clusters was chosen as a model for the crystal structure of the ζ-phase with a 
hexagonal unit cell of about a ≈ 2800 pm and c ≈ 2800 pm. However, a refinement of the 
single crystal data (sample No. 38) using the hexagonal primitive symmetry with space 
group P6/mmm (Rint = 12%) and the unit cell parameters a = 2805.3(4) pm, c = 2798.6(5) 
pm did not converge to good reliability R factor. Moreover, the refined model showed 
strange features. The same data were indexed to a base-centred monoclinic symmetry 
(Rint = 5%) with the unit cell parameters a = 2805.40(7) pm, b = 2798.64(5) pm, c = 
2804.70(7) pm, β  = 120.008(8)o. The refinement in the space groups C2/m or P2/m 
yielded better reliability factors compared to the hexagonal model but the anomalous 
features were still present. Another problem occurring in the monoclinic symmetry was 
the determination of the correct space group. Since the determination of the correct 
symmetry and space group was not feasible from the X-ray data, an electron microscopic 
investigation (TEM, SAED, and HRTEM) of the structure was carried out on powdered 
particles (small crystallites) and single crystals of the ζ-phase in order to possibly figure 
out the correct symmetry and space group.  
As we demonstrate later, the symmetry is indeed orthorhombic with a = 4857.3(2) pm, b 
= 2805.3(4) pm, c = 2798.6(5) pm. Therefore, in the following we use orthorhombic 
indexes for directions and zones. 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 5.52: Crystal structure of crystalline approximants close to 80 at.% Mg: (a) basic motif of the bcc packing of Mackay cluster in the crystal 
structure of γ-Mg57Pd13 and δ-Mg56.6Pd13.4 obtained at 82-81 at.% Mg; (b) C-centred orthorhombic arrangement of the ε-phase at 80 at.% Mg 
showing an intergrowth of bcc and hexagonal primitive packed layers of Mackay clusters alternating along [001]; (c) fragment of (b) suggesting 
hexagonal distribution of the Mackay clusters in the crystal structure of the ζ-phase. 
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Electron microscopy investigations (using Technai 10 and Philip CM20 microscope) 
were first conducted on small crystals obtained from a powdered sample (No. 37). The 
TEM image (dark field) revealed a polycrystalline particle with a main central component 
and several small crystallites at its surface (Fig. 5.53a). The SAED pattern of the large 
crystallite taken along the [110] orthorhombic zone axis revealed a set of many 
reflections well aligned along {hkl} directions and some additional reflections (see white 
circles) probably stemming from the small crystallites (Fig. 5.53b). The complex pattern 
shows also thin lines along the well arranged reflections parallel to [001]. This finding is 
an indicator of a crystal structure with stacking faults. The enlarged region within the 
white square in Fig. 5.53b is shown in Fig. 5.53c. Here, the italic labels 1, 2, 3 denote the 
kind of domain contributing to the different reflections. The reflection profile analysed 
from the reciprocal lattice row obtained from the reciprocal lattice points 117, 119 
(reflections) is shown in Fig. 5.53d. The HRTEM image of a region within the white 
square taken (with a Tecnai 10) perpendicular to [001] shows (Fig. 5.53e) thin twin 
domains (along the [010] zone axis) and thick domains (along the [110] and/or [110] 
zone axes). The [110] and [110] zones are fully overlapped. As we did not find particles 
oriented along the [001] direction, the existence of three kinds of twin domains cannot be 
fully confirmed. But, combining these TEM results together with the X-ray single crystal 
diffraction data (pseudo-hexagonal crystal structure) a model of three kinds of 120o 
rotation twin domains is presented in Fig. 5.54. That explains these results until now. The 
extra reflections (white arrows in Fig. 5.53d) might be originated from periodic 
arrangements of the twin domains. Further investigations were performed on oriented 
“hexagonal single crystals” in order to confirm this model. 
Notice that for one domain, the angles between [100]* (a*- and a-axis) and [110]* or [1-
10]* directions is 60o (with [-1-10]* is 120o), alternatively, the angles between [010]* 
(b*- and b-axis) and [310]* or [-310] directions is also 60o (with [-3-10] is 120o). This is 
possible because there is a particular relationship between the a and b axes: a ≈ 2 × sin 
(120o) × b = 2 × sin (60o) × b. Therefore, there is a perfect coherence or matching 
between the unit cells of each 120o rotational twin domains. As we see later, in the 
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orthogonal unit cell, the distribution of the Mackay polyhedra is hexagonal, i.e. the 
centers of the polyhedra build up a primitive hexagonal lattice.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 5.53 TEM images (Technai 10) obtained from a particle of the ζ-phase (sample No. 37). (a) 
Dark field image showing a polycrystalline particle with a main central component and several 
small crystallites at its surface. The arrowed square region is enlarged in Fig. 5.53(e) using 
HRTEM. (b) An electron diffraction pattern of the main crystallite obtained from (a) showing the 
main reflections (few extra reflections of the small crystallites in the white circles). The pattern 
shows also lines parallel to [001] axis. The arrowed white square in this figure is enlarged in (c) 
showing the reflections of the different domains together with the extra reflections (white circles). 
The italic labels 1, 2, 3 denote the kind of domain contributing to the different reflections. (d) 
Reflection profile analysed from the reciprocal lattice row along the reciprocal lattice points 117 
and 119 (reflections). Reflections marked by white arrows in (d) might arise from periodic 
arrangements of the twin domains.    
(d) (c) 
(b) (a) 
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Fig. 5.53 (continued): (d) HRTEM micrograph (Technai 10) of the region within the white square 
(referring again to Fig. 5.53(a)) taken perpendicular to [001] showing thin and thick twin 
domains.  
 
 
 
 
 
 
 
 
 
 
Fig. 5.54: First proposed model of 120o rotational twin domains each with reciprocal axis to 
explain the origin of the complex SAED patterns in Fig. 5.53(b and c) as the overlapping of 
[010], [110] and [110] different zones.  
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TEM study images of oriented ζ-Mg64Pd17 single crystals (FIB cuts 
 c) are discussed 
within Fig. 5.55 and Fig. 5.58. The single crystal investigated was isolated from a bulk 
polycrystalline material of single ζ-phase material (sample No. 37). The SEM image of a 
thin TEM sample prepared by the FIB-method (cut parallel [001]) are shown in Fig. 
5.55a and b. The TEM image shown in Fig. 5.55c reveals dark and bright twin domains 
as typical defect structure. This observation is confirmed at a very small scale, i.e. the 
HRTEM image taken parallel [001] (Fig. 5.55d) shows thin twin domains (along the 
[130] and/or [1 30] zone axes) and thick domains (along the [100] zone axis). The 
corresponding SAED pattern (along [130], [1 30] and [100] zone axes) shows the main 
reflections stemming from different oriented domains (Fig. 5.56a). No extra reflections 
are produced in this area as found in the previous case (Fig. 5.53d). The arrowed white 
square in this figure is enlarged in (b) showing clearly the reflections of the different 
domains. Again, the italic labels 1, 2, 3 denote the kind of domain contributing to the 
different reflections. The reflection profile analysed from the reciprocal lattice row along 
the reciprocal lattice points 022, 024 and 026 is shown in Fig. 5.56c    
The TEM data here is similar to that found for a particle of ζ-Mg64Pd17 which is not 
sufficient to confirm the presence of three kinds of 120o rotational twinning around the 
[001] axis. However, Fig. 5.57 presents a proposed model of three kinds of 120o 
rotational twin domains each with reciprocal axis to explain the origin of the complex 
SAED patterns in Fig. 5.56(a and b) as the overlapping of [010], [130] and the [1 30] 
different zones. The zones [130] and [1 30] are fully overlapped. The following results 
based on the TEM data obtained from the oriented ζ-Mg64Pd17 “hexagonal single crystal” 
will clearly prove the existence of three kinds of twin domains. The SAED pattern of the 
isolated domains (2) along the [100] zone axis fits the reflections of order 0k0, (k = 2n); 
00l, (l = 2n); and 0kl, (h, l) = 2n (Fig. 5.58a). The SAED pattern of the isolated domain 
(1) along the zone axis [130] fits the reflections of order 00l, (l = 2n); hk0, (h, k = 2n); 
and hkl: (h + k, h + l, k + l = 2n) as shown in Fig. 5.58b. Moreover, the HRTEM image 
along the zone axis [130] revealed only one domain (Fig. 5.58c). 
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Fig. 5.55: (a, b) SEM images of a thin TEM sample thinned by FIB-milling the cut shown is 
parallel to the [001] axis. (c) TEM image (Philip CM20 microscope) showing dark and bright 
twin domains as typical defect structure in ζ-Mg64Pd17. (d) HRTEM image (Technai 10) parallel 
to [001] showing thin twin domains labelled (1, 3) (along the [130], [1 3 0] zone) and thick 
domains labelled (2) (along the [100] zone). 
10 µm 
[001] [001] 
100 µm 
(c) 
(d) 
(a) (b) 
[130] or [1-30] + [100] oriented domains 
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Fig. 5.56: (a) SAED pattern (Technai 10) of thin cut obtained from Fig. 5.55(a) showing a set of 
reflections planes. The arrowed white square in this figure is enlarged in (b) showing the 
reflections of the different domains. The italic labels 1, 2, 3 denote the kind of domain 
contributing to the different reflections. (c) Reflection profile analysed from the reciprocal lattice 
row along the reciprocal lattice points 022, 024 and 026 (reflections).    
 
 
(b) (c) 
(a) 
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Fig. 5.57: Second proposed model of 120o rotational twin domains each with reciprocal axis to 
explain the origin of the complex SAED patterns in Fig. 5.56 (a and b) as the overlapping of 
[130], [1 3 0] and [110] different zones.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 5.58 SAED patterns and HRTEM image of isolated nano-domains: (a) SAED pattern 
(Technai 10) of the domain (2) along the [100] zone showing the reflections of order 0k0, (k = 
2n); 00l, (l = 2n); 0kl, (h, l = 2n); 
(a) 
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Fig. 5.58 (continued): (b) SAED pattern (Technai 10) of the domain (3) along [130] showing the 
reflections of order 00l, (l = 2n); hk0, (h, k = 2n); and hkl: (h + k, h + l, k + l = 2n); (c) HRTEM 
image (Philip CM20 microscope) along the [130] zone axis of the corresponding isolated domain 
(3).   
 
[130] oriented domain 
(c) 
(b) 
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[130] oriented domain 
The images shown between Fig. 5.59 and Fig. 5.62 were obtained from electron 
microscopy studies carried out on a “hexagonal single crystal” isolated from sample No. 
38. The SEM images of a thin TEM sample prepared by FIB with the cut perpendicular 
to [001] are shown in Fig. 5.59. The SAED pattern shown in Fig. 5.60a revealed three 
overlapping 120o twin domains around the [001] zone axis. This finding confirms a 
pseudo-hexagonal symmetry present in the crystal structure of the ζ-phase. The 
orthorhombic symmetry is clearly shown in the SAED pattern (Fig. 5.60b) of the isolated 
domain (2) with reflections fitting the conditions of order h00, (h = 2n); 0k0, (k = 2n); 
(hk0), (h, k) = 2n. Two more SAED patterns oriented along the [105] and the [103] zone 
axes were obtained from the same isolated domain (2) by tilting around the [010] axis 
(Fig. 5.61). The SAED pattern taken along the [103] zone was obtained with the TEM 
tilting angles α = 12o and β = 4o. The reflection conditions are h02, (h = 2n); 0k0, (k = 
2n); hkl, (h + l = 2n) as shown in Fig. 5.61a. The SAED pattern taken along the [105] 
zone (Fig. 5.61b) was obtained with the TEM tilting angles α ≈ 23o, and β ≈ 4o. The 
reflection conditions are h02, (h = 2n); 0k0, (k = 2n); hkl, (h + l = 2n). The HRTEM 
image of the domain (2) oriented along the [001] zone axis revealing the Mackay clusters 
linked each other (Fig. 5.62).  
 
 
 
 
 
 
 
 
 
 
Fig. 5.59 SEM and TEM images obtained from a single crystal of the ζ-phase (sample No. 38) 
prepared by use of the melt centrifugation method: (a, b) SEM images of a thin TEM sample 
thinned by FIB-milling, the cut is perpendicular to [001]. 
(a) 
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(b) 
[001] 
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Fig. 5.60: (a) SAED pattern (Technai 10) of 3 overlapped 120o rotational twin domains (1), (2) 
and (3) along the [001] zone revealing the pseudo-hexagonal symmetry; (b) SAED pattern 
(Technai 10) of one isolated domain (2) along the [001] zone revealing the orthorhombic 
symmetry. 
(a) 
[001] zone   
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Fig. 5.61: Additional SAED patterns (Technai 10) deriving from the isolated domain (2) by tilting 
around [010] axis: (a) SAED pattern taken along the [103] zone axis, the TEM tilting angles are 
α = 12o, β = 4o and the reflection generated fit with the reflection conditions of order h02, (h = 
2n); 0k0, (k = 2n); hkl, (h + l = 2n); (b) SAED pattern taken along the [105] zone axis, the TEM 
tilting angles are α ≈ 23o, and β ≈ 4o; the reflection conditions are the same like in the case of (a). 
[-103] zone 
(a) 
[-105] zone 
(b) 
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[001] oriented domain 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 5.62: HRTEM image (Philip CM20 microscope) of one isolated domain (2) oriented along 
[001] zone axis revealing the Mackay clusters in the middle of hexagons (pink coloured). An 
orthorhombic unit cell is highlighted in the rectangular area (orange coloured) in the area where 
(red circle) the Mackay clusters are well observed.  
 
 
The SAED patterns (Fig. 5.60a) of the FIB thinned sections (obtained from isolated 
single crystal from sample No. 37) clearly show that a “single crystal” specimen in reality 
consists of 120o rotational twin domains (~5-60 nm thick) around the [001] axis. 
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The subsequent TEM investigations showed that the nano sized twin domains are 
observables on, both, single crystals and powdered particles obtained by different 
methods of preparation. These twining features make it difficult to determine the space 
group by using only X-ray single crystal data. However, the previous selected area 
electron diffraction patterns obtained from the isolated domains (FIB cut parallel to [001] 
(see Fig. 5.63a and b) and FIB cut perpendicular to [001] as shown in Fig. 5.63c-e), 
suggest Fmmm, Fmm2, or F222 as possible space groups in the orthorhombic lattice. 
These three space groups have the same general reflection conditions: hkl: (h + k, h + l, k 
+ l = 2n); 0kl: (k, l = 2n); h0l: (h, l = 2n); hk0: (h, k = 2n); h00: (h = 2n); 0k0: (k = 2n); 
00l: (l = 2n). The pseudo-hexagonality revealed in this crystal structure (see Fig. 5.60a) 
makes it possible to refine the single crystal structure either in a monoclinic or an 
orthorhombic lattice using the X-ray single crystal data. However, a well ordered model 
could not be obtained neither in monoclinic nor orthorhombic symmetry. The approach to 
try to solve the crystal structure of this approximant by electron microscopy studies has 
been helpful since the HRTEM image of one isolated domain (2) (Fig. 5.62) shows ring-
like features with a central bright dot as the principal motif. These rings have more or less 
the same diameter. Some of the rings are perfect and other not and may probably 
represent the Mackay cluster, which are the structural building blocks of the crystal 
structures of the ζ-phase and the others approximants found in this part of the phase 
diagram. This finding is important, because it allows a reliable interpretation of these 
crystal structures. As it is known, the Mackay cluster is large enough to be discernable in 
HRTEM images.  
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Fig. 5.63: Recapitulative of the SAED patterns obtained from the single crystal TEM studies. (a, 
b) (FIB cut // [001]):  the patterns in (a) and (b) are obtained from the domain (2) and domain (1), 
respectively. (c, d, e) (FIB cut ⊥ [001]): the patterns with the three different zones are obtained 
from the same domain (2) by tilting. These SAED patterns of individual nano-thin domains 
revealed the orthorhombic unit cell and possible space groups: Fmmm, Fmm2 or F222.  
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5.4.3 Crystal structure refinement 
The results of the TEM investigations have clearly shown that all the crystals under 
investigation contain planar defects on the nanoscale, i.e. within the correlation length of 
X-rays as used for single crystal studies. In addition, it was shown that the space group of 
the ζ-phase should be Fmmm, Fmm2 or F222. Therefore, the crystal structure refinement 
was carried out with highest symmetry, Fmmm, using a “brute force’’ approach. Starting 
from the pseudo-hexagonal structural model, the data were refined in such a way as to fit 
as best as possible the electron density and to minimize the R values. This was possible 
by introducing mixed occupied sites, partial occupied sites, and some split atom 
positions. The crystallographic sites were then carefully inspected using criteria like 
interatomic distances and characteristic site occupations for the Mackay clusters as well 
as for coordination type polyhedra. Using this approach it was possible to 
“unambiguously” extract a model structure. Selected crystallographic data and some 
details of the structure refinement are given in Table 5.40. Fractional atomic coordinates 
and equivalent isotropic displacement parameters of this model are listed in Table 5.41. 
More details are given in Table 8.8 and 8.9 in the appendix 8.3. The anisotropic 
displacement parameters are listed in Table 8.10 in the appendix 8.3. The measured mass 
density of sample No. 36 was 3.503(3) g/cm3 which is in good agreement with the value 
obtained from the single structure refinement (see. Table 5.40).  
 
Table 5.40: Selected crystal data and structure refinement of ζ-Mg64Pd17; more details are given 
in Table 8.8 in the appendix 8.3.   
Formula Mg64Pd17 
Crystal system Orthorhombic 
Space group Fmmm 
a (pm) 4857.3(2) 
b (pm) 2805.3(4) 
c (pm) 2798.6(5) 
V (106 pm3) 38134(9) 
Z 24 
Temperature [K] 293(2) 
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Table 5.40 continued. 
Rint 0.071 
ρ (g/cm3) 3.516 
R1/WR2 (all) 0.103/0.196 
Goodness-of fit on F2 1.04 
 
 
Table 5.41: Fractional atomic coordinates and equivalent isotropic displacement parameters of ζ-
Mg64Pd17, No. 38; Uiso/Ueq (10
4 pm2).  
No. Atom Wyck. Site s.o.f. x y z Ueq 
1 Pd1A 8e ..2/m 1 1/4 1/4 0 144(3) 
2 Mg1B 16o ..m 1 0.25258(13) 0.1483(2) 0 298(9) 
3 Mg1C 16o ..m 1 0.19815(11) 0.2018(2) 0 226(9) 
4 Mg1D 32p 1 1 0.29359(9) 0.20623(16) 0.05504(15) 302(9) 
5 Mg1E 32p 1 1 0.2655(9) 0.20340(15) 0.41062(15) 294(8) 
6 Pd1F 32p 1 1 0.16688(2) 0.16780(4) 0.39909(3) 371(2) 
7 Pd1G 32p 1 1 0.28010(2) 0.15961(4) 0.33300(4) 253(2) 
8 Pd1H 16o ..m 1 0.34755(3) 0.15504(4) 1/2 259(2) 
9 Pd1I 16o ..m 1 0.24837(3) 0.05632(5) 1/2 220(3) 
10 Mg1J 16o ..m 1 0.19729(12) 0.0915(2) 0 310(9) 
11 Mg1K 32p 1 1 0.19963(8) 0.09395(14) 0.44188(13) 216(7) 
12 Mg1L 32p 1 1 0.23680(10) 0.09267(16) 0.09333(16) 202(7) 
13 Mg1M 32p 1 1 0.18570(10) 0.25093(19) 0.34599(18) 229(9) 
14 Mg1N 32p 1 1 0.14673(9) 0.24647(15) 0.05818(15) 266(9) 
15 Mg1O 32p 1 1 0.21821(7) 0.15317(13) 0.34663(13) 200(7) 
16 Mg1P 32p 1 1 0.32203(10) 0.15189(18) 0.40651(16) 274(8) 
17 Mg1Q 16j ..2 1 1/4 1/4 0.30993(18) 189(9) 
18 Mg1R 16o ..m 1 0.34402(17) 0.1555 (3) 0 157(9) 
19 Mg1S 32p 1 1 0.30799(9) 0.07677(18) 0.33103(16) 362(9) 
20 Pd2A 4p mmm 1 0 0 0 142(4) 
21 Mg2B 16o ..m 1 0.45014(11) 0.0537(2) 1/2 231(9) 
22 Mg2C 16n .m. 1 0.46889(13) 0 0.4106(2) 315(9) 
23 Mg2D 16n .m. 1 1/2 0.0873(2) 0.4452(2) 269(9) 
24 Pd2E 16o ..m 1 0.09616(3) 0.09867(4) 0 262(2) 
25 Pd2F 16n .m. 1 0.43981(3) 0 0.33281(5) 256(3) 
26 Pd2G 16m m.. 1 1/2 0.16597(10) 0.39825(10) 276(4) 
27 Mg2H 32p 1 1 0.44703(9) 0.15316(15) 0.44153(14) 270(8) 
28 Mg2I 8g 2mm 1 0.10552(19) 0 0 254(9) 
29 Mg2J 32p 1 1 0.08539(9) 0.05892(17) 0.09390(16) 257(8) 
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30 Mg2K 32p 1 1 0.03183(7) 0.09402(11) 0.15793(14) 371(9) 
31 Mg2L 8i mm2 1 1/2 0 0.3093(3) 182(9) 
32 Mg2M 8h m2m 1 1/2 0.19086(16) 1/2 250(9) 
33 Mg2O 32p 1 1 0.44927(7) 0.05052(12) 0.25043(13) 173(6) 
34 Mg2P 16n .m. 1 0.38435(16) 0 0.3306(2) 368(9) 
35 Mg2Q 32p 1 1 0.09381(8) 0.09762(14) 0.19597(13) 231(7) 
36 Mg2R 32p 1 1 0.35774(9) −0.07326(18) 0.55075(16) 357(9) 
37 Pd3A 4b mmm 1 0 0 1/2 142(4) 
38 Mg3B 8h m2m 1 0 0.6021(6) 0 330(3) 
39 Mg3C 16o ..m 0.5 0.4484(4) 0.0487(7) 0 330(3) 
40 Mg3D 32p 1 0.5 0.4570(3) 0.0432(6) 0.0545(6) 330(3) 
41 Mg3F 32p 1 0.5 0.4839(3) 0.0478(6) 0.0866(6) 330(3) 
42 Pd3P 32p 1 1 0.41853(3) 0.08210(5) 0.09839(5) 280(4) 
43 Pd3O 16m m.. 1 0 0.33754(10) 0.09787(9) 275(6) 
44 Mg3H 16n .m. 1 0.10428(14) 0 0.4429(2) 277(8) 
45 Mg3I 16o ..m 1 0.40423(16) 0.0947(3) 0 159(8) 
46 Mg3J 32p 1 1 0.55182(9) 0.34316(18) 0.44318(17) 369(9) 
47 Mg3K 32p 1 1 0.46697(11) 0.0993(2) 0.1550(2) 290(8) 
48 Mg3L 16n .m. 1 0.43429(12) 0 0.1536(2) 264(8) 
49 Mg3M 8i mm2 1 0 0 0.3100(3) 278(9) 
50 Mg3N 8h m2m 1 1/2 0.30597(17) 1/2 241(9) 
51 Pd4 8g 2mm 1 0.16663(4) 0 0 228(4) 
52 Pd5 16n .m. 1 0.22208(7) 0 0.14380(10) 199(4) 
53 Pd6 16n .m. 1 0.33074(3) 0 0.08552(4) 251(2) 
54 Pd7 16i 2.. 1 0.14988(2) 1/4 1/4 240(2) 
55 Pd8 16n .m. 1 0.09917(2) 0 0.25929(5) 244(2) 
56 Pd9 32p 1 1 0.13883(4) 0.08301(6) 0.14392(7) 201(3) 
57 Pd10 32p 1 1 0.449889(17) 0.15007(3) 0.24975(4) 259(9) 
58 Pd11 32p 1 1 0.299662(17) 0.10121(3) 0.24122(3) 239(9) 
59 Pd12 32p 1 1 0.41530(2) 0.24455(4) 0.41447(3) 266(2) 
60 Mg6 8g 2mm 1 0.29662(17) 0 0 217(14) 
61 Mg7 16n .m. 1 0.22734(12) 0 0.4036(2) 266(11) 
62 Mg8 16n .m. 1 0.37049(11) 0 0.1609(2) 231(9) 
63 Mg10 16o ..m 1 0.15131(13) 0.0500(2) 1/2 318(9) 
64 Mg11 16m m.. 1 0 0.19042(19) 0.19397(19) 231(9) 
65 Mg12 32p 1 1 0.09587(8) 0.09491(14) 0.30905(13) 229(7) 
66 Mg13 16n .m. 1 0.28462(14) 0 0.4493(2) 345(9) 
67 Mg14 16m m.. 1 1/2 0.10263(18) 0.24923(19) 186(9) 
68 Mg15 16m m.. 1 0 0.1917(2) 0.3083(2) 243(9) 
69 Mg16 16n .m. 1 0.20491(18) 0 0.2461(3) 214(9) 
70 Mg17 16k .2. 1 0.04474(10) 1/4 1/4 174(9) 
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71 Mg18 32p 1 1 1/4 0.14937(17) 1/4 158(9) 
72 Mg19 32p 1 1 0.30086(11) 0.19865(19) 0.25192(17) 193(9) 
73 Mg20 32p 1 1 0.56417(9) 0.30707(17) 0.33847(15) 323(9) 
74 Mg21 32p 1 1 0.15409(8) 0.15804(14) 0.19533(13) 232(7) 
75 Mg22 32p 1 1 0.34503(8) 0.15402(14) 0.19236(13) 216(7) 
76 Mg23 32p 1 1 0.37715(9) 0.24964(15) 0.16168(14) 293(8) 
77 Mg24 32p 1 1 0.36093(9) 0.08359(17) 0.09429(18) 361(9) 
78 Mg25 32p 1 1 0.39770(7) 0.19309(12) 0.24888(13) 182(7) 
79 Mg26 32p 1 1 0.35276(7) 0.05805(12) 0.25366(13) 188(7) 
80 Mg27 32p 1 1 0.18550(8) 0.05743(14) 0.33898(13) 223(7) 
81 Mg28 32p 1 1 −0.06323(9) 0.19106(16) 0.16190(14) 300(9) 
82 Mg29 32p 1 1 0.24776(8) 0.06025(13) 0.30574(13) 208(7) 
83 Mg30 16n .m. 1 0.16665(17) 0 0.1155(3) 317(9) 
84 Mg31 32p 1 1 0.52790(10) 0.24956(19) 0.40518(18) 327(9) 
85 Mg32 32p 1 1 0.38935(10) 0.16856(18) 0.09457(17) 307(9) 
86 Mg33 32p 1 1 0.38609(9) 0.15809(15) 0.40293(15) 226(7) 
87 Mg41 16o ..m 1 0.05050(16) 0.2470(3) 0 387(9) 
88 Mg42 16o ..m 1 0.10077(16) 0.2971(3) 0 348 (9) 
89 Mg43 16o ..m 1 0.10176(13) 0.1939(2) 0 239 (9) 
 
 
The structural model of the ζ-phase is described by 89 crystallographic sites, 21 Pd sites 
and 68 Mg sites. The unit cell contains 1944 atoms, 1536 Mg and 408 Pd. This yields a 
chemical formula Mg64Pd17 with 79.0 at.% Mg. The chemical composition of the model 
is in good agreement with the chemical composition of the single phase material (79 at.% 
Mg) and the EDXS results (78.5(5) at.% Mg).  
The structural model of the ζ-phase can be described by two different kinds of slabs, A 
and B. These slabs are stacked along [100] with the sequence ABA'B' (Fig. 5.66), the 
prime indicating a shift according to the F-centring. The slabs are composed of distorted 
Mackay clusters with Pd on their centres. All atoms belonging to a Mackay cluster are 
labelled in Table 5.39 by numbers. For example Pd1A, Mg1B…Mg1S belong to Mackay 
cluster 1, Pd2A, Mg2B…Mg2R to Mackay cluster 2, and Pd3A, Mg3B…Mg3N to 
Mackay cluster type 3. 
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Fig. 5.66: Alternating slabs of Palladium atoms in the crystal structure of the ζ-phase. The Pd 
atoms are located on the centres of Mackay clusters running along [100].  
 
 
All the other atoms take positions in shells surrounding or in between the Mackay 
clusters and belong to at least more than one Mackay cluster. 
The A slab is composed of Pd2A and Pd3A atoms and the corresponding Mackay 
clusters. The coordination type polyhedron of Pd2A is represented by an icosahedron of 
Mg atoms with site symmetry mmm. The coordination polyhedron of Pd2A is an 
icosahedron occupying the centre of the Mackay cluster (MI) as shown in Fig. 5.67a. The 
outer shell of the (MI) is formed by 12 Pd atoms (4 Pd2E, 4 Pd2F, 4 Pd2G) at the vertices 
of the large icosahedron and 30 Mg atoms (8 Mg2H, 8 Mg2J, 8 Mg2K, 2 Mg2I, 2 Mg2L, 
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and 2 Mg2M) at the vertices of the icosidodecahedron. The inner icosahedron is formed 
by 12 Mg atoms (4 Mg2B, 4 Mg2C, and 4 Mg2D). The (MI) centred by Pd2A is enclosed 
by 68 atoms (8 Mg20, 8 Mg2R, 8 Mg2Q, 8 Mg25, 8 Mg28, 8 Mg30, 4 Mg2P, 4 Mg9, 4 
Mg24, 4 Mg32, 4 Mg33) forming a distorted rhombic icosidodecahedron as shown in 
Fig. 5.67b. The coordination type around Pd3A is a disordered icosahedron consisting of 
4 Mg3D, 4 Mg3E, 2 Mg3C, and 2 Mg3B. This disordered icosahedron represents the first 
shell of the MI centred by Pd3A (Fig. 5.67c). The second shell is formed by a distorted 
icosidodecahedron counting of 32 Mg atoms (8 Mg3J, 8 Mg 3K, 4 Mg3H, 4 Mg3L, 4 
Mg3I, 2 Mg3M, and 2 Mg3N). The third shell is given by the outer icosahedron and 
consists of 12 Pd atoms (8 Pd3O and 4 Pd3P). An augmented rhombic icosidodecahedron 
of 72 Mg atoms (8 Mg20, 8 Mg10, 8 Mg15, 8 Mg21, 8 Mg28, 8 Mg29, 4 Mg9, 4 Mg14, 
4 Mg18, 4 Mg22, 4 Mg33, and 4 Mg34) encloses the MI centred by Pd3A (Fig. 5.67d). 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 5.67: Successive atom shells of the cluster centred by palladium atoms in the model structure 
of the ζ-phase. (a) Three shells forming the MI centred by Pd2A at site symmetry mmm. The first 
shell is formed by 12 Mg atoms, the second one by 30 Mg atoms, and the third one by 12 Pd 
atoms.  (b) Distorted rhombic icosidodecahedron (68 atoms) enclosing MI centred by Pd2A.  
(a) (b) 
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Fig. 5.67 (continued): (c) Three shells of the distorted MI centred by Pd3A at site symmetry 
mmm. The inner icosahedron is formed by disordered Mg atoms. The two possible Mg-positions 
are indicated by yellow and orange Mg atoms, respectively. The second shell is formed by 
distorted icosidodecahedron formed by 32 Mg atoms. The third shell is formed by an icosahedron 
counting of 12 Pd atoms. (d) Distorted rhombic icosidodecahedron (72 atoms) centred by Pd3A; 
(e) three shells of the MI centred by Pd1A at site symmetry 2/m. The first shell is formed by 12 
Mg atoms, the second one by 30 Mg atoms, and the third one by 12 Pd atoms. (f) Distorted 
rhombic icosidodecahedron (68 atoms) enclosing the MI centred by Pd1A. 
 
(e) (f) 
(c) (d) 
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The B slab (see Fig. 5.66) is composed of Pd1A atoms which are icosahedrally 
surrounded by Mg atoms having the site symmetry 2/m. The Pd1A atoms are at the centre 
of the MI (Fig. 5.67e). The first shell of the MI is formed by an icosahedron of Mg atoms 
(2 Mg1B, 2 Mg1C, 4 Mg1D, and 4 Mg1E). The second shell is the icosidodecahedron of 
30 Mg atoms (4 Mg1K, 4 Mg1L, 4 Mg1M, 4 Mg1N, 4 Mg1O, 4 Mg1P, 2 Mg1J, 2 
Mg1Q, and 2 Mg1R). The last shell is an icosahedron of Pd atoms (4 Pd1F, 4 Pd1G, 2 
Pd1H, and 2 Pd1I). A distorted rhombic icosidodecahedron of 68 Mg atoms (4 Mg1S, 4 
Mg2R, 4 Mg4, 8 Mg5, 2 Mg6, 4 Mg7, 4 Mg8, 4 Mg11, 4 Mg12, 4 Mg13, 2 Mg14, 4 
Mg15, 4 Mg23, 4 Mg26, 4 Mg29, 4 Mg30, 2 Mg32, 2 Mg34) enclosed the MI centred by 
Pd1A (Fig. 5.67f). 
A packing of rhombic icosidodecahedra enclosing the Mackay clusters is shown in Fig. 
5.68. The Mackay clusters with Pd1A and Pd2A are nearly perfect, i.e. they consist of 55 
atoms distributed over the three shells which are the inner icosahedron, the 
icosidodecahedron and the outer icosahedron. 
This is different for the building unit around Pd3A. The central atom is surrounded by an 
icosahedron with two different orientations. This gives rise to split atom sites. The 
surrounding shell is related to the icosidodecahedron in the same way as the cube 
octahedron is related to the anti-cubeoctahedron.  
So far, it is not possible to give an answer to the origin of this “orientation” disorder 
which may be artificially due to the disturbed data. However, it is more likely that this 
kind of disorder is present in the crystal structure even without the presence of the nano 
domains. The HRTEM image shown in Fig. 5.62 is in favour of the second scenario. One 
of the clusters seems to be different.  
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Fig. 5.68 Crystal structure of the ζ-phase: arrangement of distorted rhombic icosidodecahedra, 
shells enclosing the Mackay clusters. 
5.4.4 Physical properties 
Electrical resistivity data for the ζ-phase at 79 at.% Mg (No. 36) are shown in Fig. 5.69. 
The ζ-phase shows metallic behaviour. In Table 5.42 the residual resistivity ρo, the 
temperature-dependent contribution ρ300K - ρo and the residual resistivity ratio ρ300K/ρo are 
listed. 
Table 5.42: Residual electrical resistivity ρo, temperature-dependent contribution ρ300K - ρo and 
residual electrical resistivity ratio ρ300K/ρo for the ζ-phase. 
At.% Mg ρo (µΩcm) ρ300K - ρo (µΩcm) ρ300K/ρo 
79 (No. 36) 38.22 6.82 1.17  
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Fig. 5.69: (a) Electrical resistivity and (b) normalized electrical resistivity ρ(T)/ρ300K of ζ-
Mg64Pd17 (No. 36). 
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6 Crystal structure of the “more simple phases” 
6.1 Mg3Pd: The η-phase 
6.1.1 Introduction 
Structural information on the η-phase, in the following called η-Mg3Pd, is based on X-
ray powder data. Ferro et al [44] did a pioneering work by indexing the pattern assuming 
a hexagonal unit cell (a = 461.3 pm, c = 841.0 pm, c/a = 1.823, space group P63/mmc, Z 
= 2) and proposed a crystal structure isotypic to IrAl3 [77]. However, investigations on 
the related Mg3TM compounds with TM = Ir, Pt, Au and Rh [78-80] revealed that these 
adopt the Cu3P structure type (Z = 6, P63cm) [81]. Both can be described as space-filling 
arrangements of filled Edshammar polyhedra (CN11, fully-capped trigonal prisms) and 
empty cubes. The Cu3P structure type [82, 83] derived from the IrAl3 type by a slight 
deformation of the CN11 polyhedra resulting in a' = 3 a, and c' = c. Here, it will be 
shown that the binary phase Mg3Pd also crystallizes in the non centrosymmetric space 
group P63cm with the Cu3P structure type. 
6.1.2 Alloy preparation of samples containing the η-phase. 
For the phase analysis of η-Mg3Pd, several samples with nominal compositions between 
78 at.% Mg (No. 41) and 74 at.% Mg (No. 59) were prepared by induction melting of 
mixtures of granules of the elements in weld-sealed tantalum ampoules under dry argon 
atmosphere. The samples were melted twice to ensure homogenization. Subsequently, the 
ampoules were encapsulated in fused silica tubes and annealed at 500 oC and 600 oC for 
three weeks. Finally, the samples were quenched in cold water after shattering the quartz 
ampoule. Single crystals of Mg3Pd with metallic lustre were obtained from several 
samples, i.e. 78 at.% Mg annealed at 500 oC (No. 43), 76 at.% Mg annealed at 600 oC 
(No. 48), and 74 at.% Mg annealed at 600 oC (No. 57). 
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6.1.3 Heterogeneous equilibria 
The results of the phase analytical studies for samples containing the η-phase (i.e. No. 41 
to No. 59) are listed in Table 6.1. The results were obtained from DTA/DSC, 
metallography, quantitative chemical analyses, X-ray powder and single crystal 
diffraction, and the melt-centrifugation technique. The characterisation of samples No. 41 
to No. 44 has already been discussed in section 5.2.3.  
 
Table 6.1: Results of the phase analytical studies of samples No. 45-59. 
No. 45: 76 at.% Mg, as-cast, w.q.m.; XRPD, η, θ as main phases and γ, and ζ in traces.  
No. 46: 76 at.% Mg, as-cast, s.c.d.; XRPD, η and ζ. 
No. 47: 76 at.% Mg, by melt centrifugation at 600 oC, crystals of η were obtained after 
centrifugation.   
No. 48: 76 at.% Mg, 600 oC; XRPD, η and ζ; composition of η from single crystal structure 
refinement: 75.0(1) at.% Mg.  
No. 49: 76 at.% Mg, annealed at 500 oC; XRPD, η and ζ; a(η) = 798.5(1) pm, c(η) = 842.0(1) 
pm. 
No. 50: 75 at.% Mg, as-cast, w.q.m.; XRPD, η as main phase, θ and γ in traces.  
No. 51: 75 at.% Mg, as-cast, s.c.d.; XRPD, η as main phase, θ in traces; composition of η from 
single crystal structure refinement: 75.0(1) at.% Mg.  
No. 52: 75 at.% Mg, 600 oC; XRPD, η as main phase, θ in traces prior and η + θ after DSC; a(η) 
= 798.7(1) pm, c(η) = 842.1(1) pm; ICP: 74.9 at.% Mg; DSC, 5 K/min, Fig. 8.60-52, two 
endothermic peaks, L + θ = η, Te = 625 
oC, L = θ, Tp = 672 
oC; microstructure in Fig. 6.1 and 
XRPD in Fig. 6.2. 
No. 53: 75 at.% Mg, 500 oC; XRPD, η as main phase, ζ in traces prior DSC, η and θ after DSC; 
a(η) = 798.2(2) pm, c(η) = 842.0(3) pm for annealed sample; ICP: 75.1 at.% Mg; DSC, 5 K/min, 
Fig. 8.61-53, three endothermic peaks, L + η = ζ, Te = 582 
oC, L + θ = η, Te = 626 
oC, L = θ, Tp = 
671 oC. 
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No. 54: 74 at.% Mg, as-cast, w.q.m.; XRPD, θ as main phase, η and γ in traces; EDXS: θ: 71.4(5) 
at.% Mg for 5 × 5 µm2, η: domains are two small to be analysed. 
No. 55: 74 at.% Mg, as-cast, s.c.d.; XRPD, η and θ. 
No. 56: 74 at.% Mg, by melt centrifugation at 670 oC; crystals of θ were obtained after 
centrifugation; composition θ from single crystal structure refinement: 72.0(3) at.% Mg. 
No. 57: 74 at.% Mg, annealed at 600 oC; XRPD in Fig. 6.4, η and θ prior and after DSC; a(η) = 
798.3(1) pm, c(η) = 842.2(1) pm, a(θ) = 864.78(9) pm, c(θ) = 819.91(8) pm for annealed sample. 
ICP: 74.0 at.% Mg; DSC, 5 K/min, Fig. 8.62-57, two endothermic peaks, L + θ = η, Te = 624 
oC, 
L = θ, Tp = 685 
oC; microstructure in Fig. 6.3; EDXS: η: 74.1(5) at.% Mg for 20 × 20 µm2, θ: 
72.6(5) at.% Mg for 20 × 20 µm2; composition of η from single crystal structure refinement: 
74.9(1) at.% Mg. 
No. 58: 74 at.% Mg, annealed at 500 oC; DSC, 5 K/min, two endothermic peaks, L + θ = η, Te = 
625 oC, L = θ, Tp = 687 
oC; XRPD, η and θ prior and after DSC. 
No. 59: 74 at.% Mg, annealed at 430 oC; XRPD, η and θ; a(η) = 799.0(3) pm, c(η) = 841.8(3) 
pm, a(θ) = 864.06(9) pm, c(θ) = 817.52(9) pm for annealed sample; ICP: 73.9 at.% Mg; EDXS: 
η: 74.1(5) at.% Mg for 20 × 20 µm2, θ: 72.6(5) at.% Mg for 20 × 20 µm2; composition of θ from 
single crystal structure refinement: 72.7(3) at.% Mg.  
 
The results obtained from the as-cast and annealed alloys with nominal composition of 78 
at.% Mg have already been discussed in section 5.1.3. The microstructure of the as-cast 
alloy with 74 at.% Mg (No. 54) revealed the θ- and η-phase and also the eutectic 
structure (L = γ + ζ, see Fig. 4.7c). This eutectic is formed due to quenching of the 
sample and the steepness of the liquidus curve, and is also observed for as-cast samples 
with nominal composition varying from 78 to 74 at.% Mg. Therefore, the samples have 
to be cooled down slowly in order to avoid supercooling effects and the formation of this 
eutectic. 
The X-ray powder pattern and the microstructure of an alloy with nominal composition 
of 76 at.% Mg and annealed at 500 oC (No. 49) revealed two phases, ζ and η. Nearly 
single phase material of η is observed in an alloy with 75 at.% Mg, annealed at 600 oC 
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(No. 52). The microstructure of this sample is shown in Fig. 6.1 and the X-ray powder 
pattern is presented in Fig. 6.2. The DSC curve of the same alloy specimen (Fig. 8.60-52 
in the appendix 8.7) shows two thermal effects during heating and cooling. The 
endothermic peaks recorded during the heating run are observed at 625 oC for the 
peritectic reaction L + θ = η and at 672 oC for the melting of the θ-phase. The exothermic 
peaks are observed at 667 oC and 613 oC, respectively. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 6.1: Microstructure (bright field image) of an alloy with 75 at.% Mg annealed at 600 oC for 3 
weeks (No. 52) showing nearly a single phase of η. 
100 µm 
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Fig. 6.2: XRPD pattern (Cu Kα1) of an alloy containing 75 at.% Mg annealed at 600 
oC (No. 52); 
(a) prior DSC, the pattern corresponds to a nearly pure η-phase; (b) calculated pattern of Mg3Pd 
with Cu3P structure type (η) with a = 798.65(8) pm, c = 842.68(9) pm; (c) calculated pattern of 
Mg3Pd with the structure type IrAl3 and a = 461.3(2) (pm), c = 841.0(1) pm; (d) X-ray pattern of 
the same specimen (No. 52) after DSC revealing reflections of η and θ; (e) simulated pattern of 
θ-Mg5Pd2 with a = 864.78(9) pm, c = 819.91(8) pm. 
(a
)
(b
)
(c
)
(d
)
(e
)
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(a) 
(i) 
 
(ii) 
 
The DSC of sample No. 53 shows three endothermic peaks during heating (Fig. 8.61-53 
in the appendix 8.7). The minuscule peak observed at 582 oC (onset at 580 oC) is assigned 
to the peritectic reaction L + η = ζ, the second effect at 631oC (onset at 626 oC) is allotted 
to the peritectic reaction L + θ = η, and the last peak at 671 oC corresponds to the melting 
of θ. The microstructure of an alloy containing 74 at.% Mg and annealed at 600 oC (No. 
57) revealed two phases, η and θ (Fig. 6.3). The X-ray powder pattern of sample No. 57 
is shown in Fig. 6.4. 
 
 
 
 
  
 
 
 
 
 
 
 
 
 
 
 
Fig. 6.3: Microstructure of an alloy containing 74 at.% Mg and annealed at 600 oC for three 
weeks (No. 57). (a) Bright-field image showing (i) θ-Mg5Pd2 and (ii) η-Mg3Pd.  
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Fig. 6.3 (continued): (b) polarized light image of the same specimen as shown in (a) revealing the 
same phases with orientational contrast; (c) BSE image of the same specimen as presented in (a) 
showing also two phases, θ-Mg5Pd2 (i) and η-Mg3Pd (ii); EDXS: η: 74.1(5) at.% Mg for 20 × 20 
µm2, θ: 72.6(5) at.% Mg for 20 × 20 µm. 
(b) 
(i) 
 
(ii) 
 
(ii) 
 (i) 
 
(c) 
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Fig. 6.4: X-ray powder pattern (Cu Kα1) of an alloy containing 74 at.% Mg and annealed at 600 
oC (No. 57); the X-ray pattern contains η and θ. The calculated patterns of η (blue) and θ (red) 
are shown with a(η) = 798.36(8) pm, c(η) = 842.24(9) pm and a(θ) =  864.78(9) pm, c(θ) = 
819.91(8) pm. The inset is the enlarged part from 18-43.5o 2θ. 
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In summary, the η-phase forms by the peritectic reaction L + θ = η at 625(3) oC and does 
not exhibits a perceptible homogeneity range at 500 oC and 600 oC. The unit cell 
parameters of η are a = 798.7(1) pm and c = 842.2(1) pm. These findings are in 
agreement with the chemical composition obtained from single crystal structure 
refinements. According to this result the chemical composition is sum by Mg3Pd.  
6.1.4 Crystal structure refinement 
Good-quality but irregularly shaped single crystals of η-Mg3Pd were isolated from 
samples No. 43, 48, and 57. The refinement of a single crystal crushed from sample No. 
43 is discussed in the following. The fractional atomic positions of Mg3Pt [77] were 
taken as starting values and the structure was refined using the program SHELXL-97 [37] 
and isotropic atomic displacement parameters for all sites. The site occupancy parameters 
for each atom were refined independently in a series of least-squares cycles. The final 
refinements based on 26 parameters and 715 independent reflections with I > 2σ(I) 
converged at R1 = 0.023 as given in Table 6.2. Residual electron densities ranged 
between 0.60 e/Å3 (1.71 Å apart from Mg4) and -0.56 e/Å3 (0.98 Å apart from Mg5). 
Since η-Mg3Pd crystallizes in a noncentrosymmetric space group, the Flack parameter 
[84, 85] was also refined. Complementary information on the crystal structure 
refinement, the atomic coordinates, and the anisotropic atomic displacement parameters 
are listed in Table 6.2, Table 6.3, and Table 6.4, respectively. Interatomic distances are 
listed in Table 6.5. Crystal data collection and refinements, the atomic coordinates, and 
anisotropic atomic displacement parameters obtained for single crystal crushed from 
samples No. 48 and 57 are given in Table 8.11, 8.12, and 8.13, respectively in the 
appendix 8.4. A slightly enhanced anisotropic displacement parameter is observed for the 
Mg4 and Mg5 sites along [001] and for Mg2 site along [010]. These features have also 
been reported for the compounds Mg3TM in the systems Mg-Rh, Mg-Ir, Mg-Au, and Mg-
Pt [78-80].  
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Table 6.2: Crystal data and structure refinement of η-Mg3Pd obtained from sample No. 43 (78 
at.% Mg  and annealed at 500 oC). 
Crystal data  
Refined composition (at.%) 75 
Formula Mg3Pd 
Formula weight (g/mol) 179.33 
Crystal system, Space group Hexagonal, P63cm  
Unit cell (pm), Volume (106 pm3) a = 798.7(1), c = 842.2(1), V = 465.3(3) 
Formula unit per cell (Z) 6 
Crystal size (µm3), colour 25 × 60 × 90, metallic lustre 
ρcal (g/cm
3) 3.840  
µ (mm-1) 6.261  
Data collection  
Diffractometer,  monochromator, scan mode Rigaku R-AXIS RAPID, graphite, ω  
Radiation, wavelength (pm) Mo Kα, 71.073 
Temperature (K) 293(2) 
Tmax/Tmin 1.248 
F(000) 492 
Detector distance (mm) 127.4 
θ-range  (o) 2 - 35.38 
Range in h, k, l -11 < h < 10,  -12 < k < 12,  -12 < l < 13 
No. of reflections/unique 6212/715 
Reflections with I > 2σ(I) 707   
Rint/Rσ 0.0324/0.0186 
Refinement  
No. of parameters 26 
Goodness-of fit on F2 1.426 
R1/wR2 [I > 2σ(I)] 0.0225/0.0445 
R1/wR2 (all data)  0.0232/0.0447 
Max./min of residual peaks (e/Å3) 0.597(1)/-0.564(1) 
Flack Parameter 0.42 (7) 
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Table 6.3: Fractional atomic coordinates and equivalent isotropic displacement parameters of η-
Mg3Pd, Ueq (10
4 pm2). E.s.d.’s are given in parentheses [86]. The single crystal was obtained from 
sample No. 43 (78 at.% Mg and annealed at 500 oC).   
Atom Site x y z Ueq 
Pd1 6c 0.3284(4) 0 0.0676(7) 129(1) 
Mg2 6c 0.3765(2) 0 0.3954(4) 231(3) 
Mg3 6c 0.7180(2) 0 0.2393(4) 188(3) 
Mg4 4b 1/3 2/3 0.1126(5) 263(6) 
Mg5 2a 0 0 0 179(4) 
 
 
Table 6.4: Anisotropic displacement parameters Uij (10
4 pm2) of η-Mg3Pd. The single crystal was 
obtained from sample No. 43 (78 at.% Mg and annealed at 500 oC). E.s.d.’s are given in 
parentheses. 
Atom U11 U22 U33 U12 U13 U23 
Pd1 128 (1) 138 (1) 124 (1) 70 (1) 13 (1) 0 
Mg2 214 (4) 422 (9) 126 (6) 211 (5) -31(6) 0 
Mg3 243 (6) 179 (7) 120 (6) 90 (3) 1(5) 0 
Mg4 130 (4) 130 (4) 529 (2) 65 (2) 0 0 
Mg5 131 (6) 131 (6) 276 (1) 66 (3) 0 0 
 
 
 
Table 6.5: Interatomic distances (pm) of η-Mg3Pd, E.s.d’s are given in parentheses. The single 
crystal was obtained from sample No. 43 (78 at.% Mg and annealed at 500 oC). 
Pd1: 1 Mg5 268.4(2)  4 Mg4 310.4(2)   1 Mg5 314.5(3) 
 2 Mg4 270.9(1)  1 Mg5 313.3(2)  1 Pd1 343.1(3) 
 2 Mg2 276.8(3)  2 Pd1 318.4(2) Mg4: 3 Pd1 270.9(1) 
 1 Mg3 278.9(5) Mg3: 1 Pd1 278.9(5)  3 Mg3 307.9(2) 
 3 Mg3 285.3(3)  2 Pd1 285.3(3)  3 Mg2  310.4(2) 
 2 Mg2 318.4(2)  1 Mg2 299.3(2)  3 Mg2 345.8(3) 
Mg2: 2 Pd1 276.7(3)  2 Mg2 301.2(2) Mg5: 3 Pd1 268.4(2) 
 1 Mg3 299.3(2)  1 Mg5 302.3(3)  3 Mg3 302.3(3) 
 2 Mg3 301.1(2)  1 Mg2 302.8(3)  3 Mg2 313.3(2) 
 1 Mg3 302.8(3)   2 Mg4 308.0(2)   3 Mg3 314.6(4) 
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6.1.5 Crystal chemistry 
As the homologous compounds Mg3TM (TM = Ir, Pt, Au and Rh) [78-80], η-Mg3Pd 
crystallizes with a IrAl3 superstructure. The corresponding group-subgroup scheme [74, 
75] is illustrated in Fig. 6.5. The first step of the symmetry reduction is the klassengleiche 
transition of index 3 (k3) from space group P63/mmc to space group P63/mcm, followed 
by decentring (t2) to P63cm (structure type Cu3P). The standardized atomic coordinates 
obtained using the program STRUCTURE TIDY are listed in Table 6.3. The symmetry 
reductions lead to four crystallographically independent magnesium positions which are 
shown in Fig. 6.6. 
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Al2:2b, 
-6m2 
Al3:4f, 
3m. 
1/3 0 1/3 
2/3 0 2/3 
1/4 1/4 0.575 
 
 
A1:6g, 
m2m 
A2:2a, -
62m 
A3:4c, 
-6.. 
A4:12k, 
..m 
0.3333 0 1/3 0.3333 
0.3333 0 2/3 0.3333 
1/4 1/4 1/4 0.575 
  
 
Pd1:6c, 
..m 
Mg2:2a, 
3.m 
Mg3:4b, 
3.. 
Mg4:6c, 
..m 
Mg5:6c, 
..m 
0.3283 0 1/3 0.2816 0.6233 
0.3283 0 2/3 0.2816 0.6233 
0.2472 0.3166 0.2022 0.5764 0.4203 
Fig. 6.5: Group-subgroup scheme in the Bärnighausen formalism [74, 75] for the crystal 
structures of Al3Ir and η-Mg3Pd (Cu3P type). The indices of the klassengleiche (k) and 
translationengleiche (t) transitions, as well as the unit cell transformations are given.
k3 
2a + b, - a + b, c 
P63/mcm 
P63cm 
t2 
Mg3Pd / Cu3P 
 IrAl3                   
  P63/mmc 
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Fig. 6.6: Coordination polyhedra in the crystal structure of η-Mg3Pd. 
 
The coordination polyhedra including the Pd site are slightly distorted due to the larger 
difference in size between Pd and Mg as compared to Ir and Al. The Pd atoms are located 
at the centres of the Edshammar polyhedra formed by 11 Mg atoms at distances ranging 
from 268.4(1) pm to 343.1(3) pm as shown in Table 6.5. The Mg4 and Mg5 atoms 
exhibit distorted icosahedra, while Mg2 (CN13) and Mg3 (CN12) form irregularly 
shaped polyhedra. Distances d(Mg–Mg) extend from 299.3(2) pm to 345.9(2) pm and are 
more and less in the same range as the distances TM–Mg observed in the crystal structure 
of Mg3TM (TM= Ir, Pt, Au, Rh) [78-80]. The Edshammar polyhedra are arranged to form 
layers running perpendicular [001]. By sharing common triangular faces each 
Edshammar polyhedron is linked to six neighbouring polyhedra (Fig. 6.7a). The layers 
alternate with layers of empty (distorted) Mg8 cubes which are connected via the rhombic 
faces of the Edshammar polyhedra as seen in Fig. 6.7a. The distortion of the Edshammar 
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polyhedra from ideal symmetry (Cu3P structure type) gives rise to two crystallographic 
different Mg8 cubes of nearly the same volumes: 2830 pm
3 and 2810 pm3, respectively 
(Fig. 6.7b). A different convenient way to describe the Cu3P type structure is discussed in 
ref. [87]. The anisotropic displacement parameters U22 of Mg2 and U33 of Mg4 are 
slightly enlarged corresponding to prolate ellipsoids, which are directed towards the 
respective cube centres. A refinement of a single crystal obtained from samples No. 48, 
and No. 57 indicates the same behaviour for U22 and U33. Moreover, such atomic 
displacement parameters have also been reported for Mg3TM compounds with TM = Ir, 
Pt, Au and Rh.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 6.7: Crystal structure of η-Mg3Pd: (a) Alternating layers of empty (distorted) Mg8 cubes 
connected via the rhombic faces of the Edshammar polyhedra above and below; b) Mg8 cubes 
occurring in alternating layers of the crystal structure of η-Mg3Pd. 
(a) 
(b) 
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 6.1.6 Physical properties 
Electrical resistivity ρ(T) data and the normalized electrical resistivity ρ(T)/ρ300K for the 
η-phase are shown in Fig. 6.8a and b. These plots clearly reveal the metallic character of 
the η-phase. In Table 6.6, the residual resistivity ρo, the temperature-dependent 
contribution ρ300K - ρo, and the residual resistivity ratio ρ300K/ρo are listed. 
 
 
Table 6.6: Residual electrical resistivity ρo, temperature-dependent contribution ρ300K - ρo and 
residual electrical resistivity ratio ρ300K/ρo of the η-phase. 
at.% Mg ρo (µΩcm) ρ300K - ρo (µΩcm) ρ300K/ρo 
75 (No. 57) 1.30 25.03 20.22  
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 6.8: (a) Electrical resistivity ρ(T) of the η-phase. The measurement was performed by use of 
sample No. 57. 
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Fig. 6.8 (continued): (b) normalized electrical resistivity ρ(T)/ρ300K of the η-phase. The 
measurement was performed by use of sample No. 57. 
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6.2 Mg5Pd2: The θ-phase 
6.2.1 Introduction 
The θ-phase was first investigated by Ferro [44] using metallographic and X-ray powder 
techniques. According to Ferro Mg5Pd2 is isostructural to Co2Al5 (hP28, P63/mmc) [88-
92], with an homogeneity range of approximately 72 to 74 at.% Mg at 300 oC. The unit 
cell parameters range from a = 864.4 pm to a = 866.3 pm, and from c = 816.0 pm to c = 
817.0 pm with increasing Pd content. An alloy with composition Mg2.7Pd, i.e. 73 at.% 
Mg, was found to be homogeneous, whereas a sample of 71.4 at.% Mg, corresponding to 
the composition Mg5Pd2, was heterogeneous. However, Ferro suggested that complete 
homogeneity is achieved only after long annealing times. Later on, Westin [50] 
reinvestigated alloys in the composition range of about 67 to 76 at.% Mg annealed at 400 
oC. He found that θ-Mg5Pd2 exhibits a homogeneity range between 71.4 at.% Mg and 
75.0 at.% Mg with unit cell parameters a, and c varying from 864.6−866.0 pm, and 
817.5−816.9 pm, respectively, with decreasing content of Mg. Westin also refined the 
crystal structure of a Pd-rich single crystal of the θ-phase at the composition 71.4 at % 
Mg. All sites were found to be fully occupied. Recently, Hlukhyy [51] confirmed these 
results. Because of the disagreements obtained in the variation of the unit cell parameters 
and the unknown origin of the homogeneity range it was desirable to redetermine the 
crystal structure of the Mg-rich θ-phase in order to clear up the origin of the homogeneity 
range and to reinvestigate the concentration dependencies of the unit cell parameters. 
6.2.2 Alloy preparation 
Samples with nominal composition ranging from 74 at.% Mg (No. 54) to 70 (No. 77) 
at.% Mg were prepared by induction melting of mixtures of granules of the elements in 
weld-sealed tantalum ampoules under dry argon atmosphere. The samples were melted 
twice for homogenization. Subsequently, the ampoules were encapsulated in fused 
evacuated silica tubes and annealed at 430 oC, 500 oC, and 600 oC, respectively, for three 
weeks. Finally, the samples were quenched in cold water.  
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6.2.3 Heterogeneous equilibria 
Results of the phase analyses of the samples No. 54 to No. 81 based on DTA/DSC, 
metallography, quantitative chemical analyses, X-ray powder and single crystal 
diffraction, as well as and the melt-centrifugation technique are listed in Table 6.7. The 
characterisation of the samples No. 54 to 59 was already discussed in section 6.1.3. 
 
 
Table 6.7: Results of phase analytical studies for samples No. 60 - 81 
No. 60: 73.5 at.% Mg, annealed at 600 oC; XRPD, η and θ; a(θ) = 864.8(2) pm, c(θ) = 819.8(2) 
pm.  
No. 61: 73 at.% Mg, as-cast, w.q.m.; XRPD, θ is the main phase and γ + ζ as an eutectic in 
traces; a(θ) = 866.92(9) pm, c(θ) = 818.27(9) pm.  
No. 62: 73 at.% Mg, as-cast, s.c.d.; XRPD, θ.  
No. 63: 73 at.% Mg, annealed at 600 oC, XRPD, θ; a(θ) = 864.97(8) pm, c(θ) = 819.17(7) pm; 
ICP, 72.9 at.% Mg; EDXS: 72.5(5) at.% Mg for 20 × 20 µm2; composition of θ from single 
crystal structure refinement: 72.4(3) at.% Mg.   
No. 64: 73 at.% Mg, annealed at 500 oC; XRPD, θ. 
No. 65: 73 at.% Mg, annealed at 430 oC, XRPD, θ prior and after DSC; a(θ) = 865.28(6) pm, c(θ) 
= 817.08(6) pm for annealed sample; DSC, 5K/min, Fig. 8.64-65, one endothermic peak, L = θ, 
Tp = 696(3) 
oC (onset at 683 oC); ICP, 73.0 at.% Mg; EDXS: 73.2(5) at.% Mg for 10 × 10 µm2; 
composition of θ from single crystal structure refinement: 72.3(3) at.% Mg.  
No. 66: 72.5 at.% Mg, annealed at 600 oC, XRPD, θ, a(θ) = 865.2(2) pm, c(θ) = 818.6(2) pm.  
No. 67: 72 at.% Mg, by melt-centrifugation at 710 oC; only melt was obtained after 
centrifugation; XRPD, θ prior and after DSC; DSC, 5K/min, Fig. 8.65-67, one endothermic peak, 
L = θ, Tp = 696(3) 
oC (onset at 689 oC). 
No. 68: 72 at.% Mg, as-cast, w.q.m.; XRPD, θ; microstructure in Fig. 6.9; BSE image revealed 
that a small part is an eutectic structure γ* + ζ*; a(θ) = 866.85(6) pm, c(θ) = 817.15(5) pm.  
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No. 69: 72 at.% Mg, 600 oC; XRPD, Fig. 6.10; θ prior and after DSC; DSC, 5K/min, Fig. 8.66-
69, one endothermic peak, L = θ, Tp = 696(3) 
oC (onset at 689 oC); a(θ) = 866.50(7) pm, c(θ) = 
817.17(7) pm; ICP: 72.1 at.% Mg; microstructure in Fig. 6.9; EDXS: θ: 71.6(5) at.% Mg for 100 
× 100 µm2; composition of θ from single crystal structure refinement: 71.7(3) at.% Mg.   
No. 70: 72 at.% Mg, 500 oC; XRPD, θ; a(θ) = 865.74(7) pm, c(θ) = 816.86(9) pm.  
No. 71: 72 at.% Mg, 430 oC; XRPD, θ; a(θ) = 865.50(5) pm, c(θ) = 816.43(8) pm. 
No. 72: 71.5 at.% Mg, 600 oC; XRPD, θ; a(θ) = 867.11(6) pm, c(θ) = 817.1(5) pm. 
No. 73: 71 at.% Mg, as-cast; XRPD, θ and κ. 
No. 74: 71 at.% Mg, 600 oC; XRPD, θ and ι. 
No. 75: 71 at.% Mg, 500 oC; XRPD, θ  and ι. 
No. 76: 71 at.% Mg, 430 oC; XRPD, θ and ι.  
No. 77: 70.5 at.% Mg, 600 oC; XRPD, θ and ι, a(θ) = 867.02(5) pm, c(θ) = 817.07(5) pm; a(ι) = 
1205.28(1) pm.        
No. 78: 70 at.% Mg, as-cast, w.q.m.; XRPD, θ and κ prior and after DSC, a(θ) = 866.96(6) pm, 
c(θ) = 817.01(3) pm, a(κ) = 317.46(2) pm.  
No. 79: 70 at.% Mg, at 600 oC; XRPD, θ and ι prior and θ + κ after DSC; DSC, 5K/min, Fig. 
8.67-79, two endothermic peaks, θ + κ = ι, Tpe = 681(3) 
oC, L = θ + κ, Te = 688 
oC, a(θ) = 
867.19(8) pm, c(θ) = 817.14(8) pm; ICP: 70.0 at.% Mg; EDXS: θ: 72.0(5) at.% Mg for 50 × 50 
µm2, ι: 67.5(5) at.% Mg for 20 × 20 µm2; composition of θ from single crystal structure 
refinement: 71.4(3) at.% Mg. 
No. 80: 70 at.% Mg, at 500 oC; XRPD, θ and ι.  
No. 81: 70 at.% Mg, at 430 oC; XRPD, θ, ι, and traces of κ; therefore, the sample directly 
annealed at this temperature after melt is not thermodynamically in equilibrium; a thermal 
equilibrium is obtained after homogenization at 600 oC; composition of θ from single crystal 
structure refinement: 71.4(3) at.% Mg.  
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The melt centrifugation method was used to check the melting behaviour of the θ-phase. 
Sample No. 67 (72 at.% Mg) heated at 710 oC yields only melt after centrifugation. The 
X-ray powder pattern of the solidified melt revealed only the θ-phase. An inhomogeneous 
microstructure (see Fig. 6.9) was found from a quenched alloy at 72 at.% Mg (No. 68). 
The EDXS analysis revealed the θ-phase as the main phase and traces of a second phase 
at the grain boundaries. This is probably due to traces of the eutectic γ + ζ formed by 
quenching. The DSC curve of sample No. 67 (Fig. 8.65-67 in the appendix 8.7) revealed 
only one thermal event at 697 oC during the heating run and one exothermic effect at 666 
oC during cooling. An alloy with the same nominal composition annealed at 600 oC (No. 
69) revealed a microstructure (Fig. 6.10) with the θ-phase as the only observable. The X-
ray powder pattern (Fig. 6.11) obtained prior and after DTA confirms this result. Again, 
only one endothermic at 696 oC (onset at 689 oC) and one exothermic peak were 
observed (Fig. 8.66-69 in the appendix 8.7). All these findings allow to conclude that θ 
melts congruently.   
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Fig. 6.9: Microstructure of an as-cast alloy containing 72 at.% Mg (No. 68): (a) Bright-field 
image showing the θ-phase in the matrix and traces of a second phase at the grain boundaries (see 
arrows); (b) BSE image of the same specimen (a) showing also the θ-phase and traces of a second 
phase, probably traces of the eutectic structure γ + ζ formed by quenching. 
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6. Crystal Structure of the Simple Mg-Pd Compounds 
 
 
 
200
(a) 
(b) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 6.10: Microstructure of an alloy containing 72 at.% Mg and annealed at 600 oC for 3 weeks 
(No. 69): (a) Bright-field image showing the pure θ-phase only; (b) BSE image of the same 
specimen (a) also showing the pure θ-phase. EDXS: 71.6 (5) at.% Mg for 100 × 100 µm2. 
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Fig. 6.11: X-ray powder pattern (Cu Kα1) of an alloy containing 72 at.% Mg: (a) After annealing 
at 600 oC for 3 weeks (No. 69), only reflections of the θ-phase are observed. (b) After cooling 
from the melt (5 K/min) reflections of the θ-phase are again observed. Reflection markers of the 
θ-phase calculated with a = 866.50(7) pm and c = 817.17(7) pm are shown at the bottom.  
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The microstructural investigation and the X-ray powder pattern of an alloy with the 
nominal composition of 73 at.% Mg and annealed at 430 oC (No. 65) again revealed a 
single phase sample of the θ-phase.  
In the present study, the X-ray powder pattern of alloys with nominal compositions 
ranging from 71 at.% Mg to 68 at.% Mg and annealed at 600 oC for three weeks reveal 
the presence of the two phases θ and ι. For instance, the X-ray powder pattern of an alloy 
containing 70 at.% Mg at this temperature is shown Fig. 6.12a. The microstructure is 
shown in Fig. 6.13. The X-ray pattern of an as-cast alloy with the same nominal 
composition (No. 78) shows the presence of the θ- and κ-phases. An alloy annealed at 
430 oC (No. 81) did not reveal the thermodynamic equilibrium since the microstructure 
(see the BSE image in Fig. 6.13b) revealed the coexistence of three phases: θ, ι and 
additional traces of κ. Annealing at 430 oC has to be performed after homogenization at 
600 oC. Westin performed heat treatment at 400 oC [50] and Ferro at 300 oC [44]. 
Therefore, the discrepancies observed in the variation of the unit cell parameters and the 
unit cell volumes are probably due to the fact that nonequilibrium samples were analysed.  
The results of the determination of the unit cell parameters of the θ-phase (refined for 
various alloys with nominal compositions varying from 74 at.% Mg to 70 at.% Mg and 
annealed at 600 oC) are given in Table 6.8. The plot of the unit cell parameters the θ-
phase versus the Mg content is shown in Fig. 6.14. The evolution of the values obtained 
for the c-axis with increasing content of Mg is in good agreement with the data reported 
by Westin [50], but is contrary to the results presented by Ferro [44]. The unit cell 
volume, as well as the length of the a-axis, decreases with increasing content of Mg, an 
observation contradicting the data reported by Westin [50], and agreeing to the data given 
by Ferro [44].  From Fig. 6.14 it is also likely that, the a- and c-axes do not follow the 
Vegards rule due to deviations from linear behaviour in the single phase field. Such kind 
of behaviour was already observed in the study of the variation of the unit cell parameters 
of Co2Al5 [91]. 
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Fig. 6.12: XRPD powder patterns (Cu Kα1) for an alloy containing 70 at.% Mg after heat 
treatment at different temperatures: (a) as-cast alloy (No. 78); the pattern contains θ-Mg5Pd2 and 
κ-MgPd; (b) alloy annealed at 600 oC (No. 79); the X-ray pattern contains ι-Mg2Pd and θ-
Mg5Pd2; (c) X-ray pattern of the specimen (b) after DSC (5 K/min) containing κ-MgPd, θ-
Mg5Pd2 and traces of ι-Mg2Pd; reflection markers for θ, ι and κ are shown at the bottom and are 
calculated for a(θ) = 866.96(6) pm and c(θ) = 817.01(3) pm, a(ι) = 1205.35(4) pm, a(κ) = 
316.91(9) pm. 
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Fig. 6.13: Microstructure (BSE images) of an alloy containing 70 at.% Mg after heat treatment at 
different temperatures for three weeks and subsequent quenching in cold water: (a) annealed at 
600 oC (No. 79), the sample contains two phases: (i) ι (EDXS: 67.5(5) at.% Mg for 20 × 20 µm2)  
and (ii) θ (EDXS: 71.9(5) at.% Mg for 50 × 50 µm2). (b) Annealed at 430 oC (No. 81) the sample 
is not yet in equilibrium, i.e. contains three phases: (i) ι (EDXS: 66.0(5) at.% Mg for 20 × 20 
µm2); (ii) θ (EDXS: 70.7(5) at.% Mg for 20 × 20 µm2) (iii) κ (EDXS: 52.4(5) for spot analysis).   
(ii) 
(i) 
(a) 
(b) 
(i) 
(ii) 
(iii) 
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Table 6.8: Refined unit cell parameters a and c, axial ratio c/a, unit cell volumes of θ-Mg5Pd2 in 
alloys annealed for 3 weeks at 600 oC. Si was used as internal standard; 2θ  range from 10o to 85o. 
No. Mg (at.%) a (pm) c (pm) c/a V  (106 pm3) Phases 
79 70.0 867.19(8) 817.14(8) 0.942 532.18(8) θ + ι 
77 70.5 867.02(5) 817.07(5) 0.942 531.91(5) θ + ι 
74 71.0 867.10(9) 817.10(9) 0.942 532.04(9) θ + ι 
72 71.5 867.11(6) 817.1(5) 0.942 532.05(5) θ  
69 72.0 866.50(7) 817.17(7) 0.943 531.35(8) θ  
66 72.5 865.2(2) 818.6(2) 0.946 530.68(2) θ  
63 73.0 864.97(8) 819.17(7) 0.947 530.77(8) θ  
60 73.5 864.8(2) 819.8(2) 0.948 530.97(3) θ + η 
57 74.0 864.79(9) 819.81(8) 0.948 530.97(6) θ + η  
 
 
 
Fig. 6.14: Concentration dependence of the unit cell parameters a, and c of the θ-phase from 
alloys annealed at 600 oC. Lines within 72.5-73.0 at.% Mg serve the ege only. 
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With the increasing content of Mg the length of the c-axis increases, and consequently 
the (00l) reflection in the X-ray powder pattern moves toward small 2θ values and 
becomes well separated from other (hkl) reflections. For instance the (006) and (332) 
reflections are close together in the 2θ range 68-69.5 for an alloy containing 72 at.% Mg. 
However, these two reflections are well resolved with increasing Mg content, i.e. 73 at.% 
Mg annealed at 600 oC. 
To summarize: the θ-phase melts congruently at 697(3) oC. Its single-phase field extends 
from about 71.5 at.% Mg to 73.0 at.% Mg. 
6.2.4 Crystal structure refinement 
Crystal data sets for all single crystals under investigation were compatible with the space 
group P63/mmc [88-92]. The crystal structure refinement of the single crystal obtained 
from sample No. 59, i.e. 74 at.% Mg and annealed at 430 
oC, was first carried out. The 
fractional atomic coordinated of Mg5Pd2 reported by Westin [50] were taken as starting 
model. The crystal structure was refined using the program SHELXL-97 [37]. The site 
occupancy parameters for each atom were refined independently in a series of full-matrix 
least-squares cycles on F2. The refinement reveals that the 2c site is partially occupied 
with 75% Mg. Due to the fact that the phase crystallizes with a homogeneity range, the 
question concerning a defect structure arises. The final refinement with partial occupation 
of the 2c site by Pd with 21 parameters and 367 independent reflections (I > 2σ(I)) 
converged at R1 = 0.0223. No significant residual electron densities were observed (0.637 
e/Å3 (1.84 Å apart from Pd1) and - 0.649 e/Å3 (0.73 Å apart from Pd1). The refinement 
based on mixed occupation of the 2c site with Pd and Mg by the same number of 
parameters similarly converged at R1 = 0.0223, while the same residual electron densities 
were observed.  
Mass density measurements were carried out in a helium gas pycnometer and could not 
support any specific model because the measured value, ρexp = 4.13(1) g/cm
3, from 
sample No. 67 agrees well with the calculated value, ρcal = 4.133 g/cm
3, (see Table 4. 
obtained from single crystal structure refinements using both previous models. Sample 
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No. 67 represents a single phase material (θ-phase) obtained at 72 at.% and annealed at 
600 oC.  
Support for the vacancy model comes from comparison of the interatomic distances 
around the 2c site (Pd2). This site is surrounded by a tri-capped trigonal prism as 
coordination type polyhedron as shown in Fig. 6.15a. Interatomic distances were 
determined from various single crystal structure refinements for a given temperature. The 
variation of the distances d(Pd2−Mg1) and d(Pd2−Mg2) are shown in Table 6.9 for 
samples containing the θ-phase after annealing at 430 oC and 600 oC, respectively. The 
corresponding plots are presented in Fig. 6.16 and shows that, the distances d(Pd2−Mg1) 
decrease, whereas the distances d(Pd2−Mg2) increase with increasing content of Mg. By 
this, the volume of the Voronoi cell and the volume of the polyhedron around Pd2 
contract with increasing nominal Mg content. In addition, the unit cell volume becomes 
smaller with increasing Mg content. Both features are in agreement only with a vacancy 
model at the position 2c. However, the refined composition is in favour of the 
substitutional model.      
 
 
 
 
 
 
 
 
 
 
 
Fig. 6.15: (a) Coordination type polyhedron around Pd2; (b, c) movement of Mg1 and Mg2 with 
changes in Mg content in the θ-phase: (b) at the Mg-rich border, the distance d(Pd2–Mg1) 
decreases, whereas d(Pd2–Mg2) increases. (c) At the Pd-rich border, the distance d(Pd2–Mg1) 
increases, whereas d(Pd2–Mg2) decreases. 
(a) (b) (c) 
 
 
 
Table 6.9: Comparison of the data derived from two plausible models for the crystal structure of θ-Mg5Pd2: unit cell volume (Vol.), site occupancy 
factor (s.o.f.) of the 2c site, volume of the Voronoi cell (Vol. V.C), and interatomic distances around Pd2.  
 Model 1: partial 
occupancy of the 2c site 
Model 2: substitutional disorder at 2c 
 Equal for both models 
No. Nominal 
composition 
(at.% Mg) 
ICP phases Vol. (θ in 
106 pm3 ) 
θ 
(at.% 
Mg) 
No. of 
atoms 
in unit 
cell 
s.o.f. 
(2c) 
θ 
(at.% 
Mg) 
No. of 
atoms in 
unit cell 
s.o.f. 
(2c)  
Pd/Mg 
Vol. 
V.C. 
2c (106 
pm3) 
d(Pd2-
Mg1) in 
pm 
d(Pd2-
Mg2) in 
pm 
79 70 70.0 θ + ι 532.18(8) 71.4 28 1 71.4 28 1 16.12 259.9(1) 311.5(2) 
81 70 - θ + ι 532.08(7) 71.4 28 1 71.4 28 1 16.03 259.9(1) 311.4(1) 
69 72 72.1 θ 531.35(8) 71.7 27.88 0.93(3) 72.1 28 0.91/ 
0.09 
16.05 259.2(3) 311.7(2) 
63 73 72.9 θ 530.77(8) 72.4 27.64 0.83(3) 73.0 28 0.78/ 
0.22   
15.85 258.1(1) 312.0(2) 
65 73 72.9 θ 529.80(6) 72.3 27.68 0.84(3) 73.0 28 0.79/ 
0.21 
15.88 258.2(1) 312.1(1) 
59 74 73.9 θ + η 528.59(9) 72.7 27.52 0.75(3) 73.8 28 0.68/ 
0.32  
15.73 257.2(1) 312.4(1) 
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Fig. 6.16: Interatomic distances as a function of the Mg-content around the tri-capped trigonal 
prism around Pd2 for alloys containing θ-Mg5Pd2.  
 
The Pd–Mg distances (257.1 pm) are shorter compared to the respective distances in ι-
Mg2Pd (267.2−302.2 pm) [93], η-Mg3Pd (268.4−318.4 pm) [86], and β-Mg6Pd (261.5– 
329.8 pm) [5]. Moreover, the distances are also shorter than the sum of the covalent radii 
(265 pm) for palladium and magnesium [72]. Based on the comparison of the interatomic 
distances, it is concluded that the Pd2 site is only partially occupied. All relevant 
information on crystal data and structure refinements of the single crystals obtained from 
alloys annealed at 430 oC are given in Table 6.10 and Table 6.11. Table 6.12 gives the 
fractional atomic coordinates and the interatomic distances. Information on 
crystallographic data and structure refinements for single crystals obtained from alloys 
annealed at 600 oC are given in Table 6.13. Table 6.14 and Table 6.15 show the fractional 
atomic coordinates and the interatomic distances, respectively. Anisotropic atomic 
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displacement parameters for both kinds of materials are listed in Table 8.14 and Table 
8.15 (appendix 8.5). 
 
Table 6.10: Crystal data and structure refinements of Mg5Pd2, Mg5Pd1.92, and Mg5Pd1.88 annealed 
at 430 oC. 
Alloy composition (at.% Mg) 70 (No. 81) 73 (No. 65) 74 (No. 59) 
Refined composition (at.% Mg) 71.4 72.3  72.7  
Formula Mg5Pd2 Mg5Pd1.92  Mg5Pd1.88  
Formula weight (g/mol) 334.35 325.84 321.32 
Space group P63/mmc P63/mmc  P63/mmc  
a = 867.16(7)   a = 865.28(6) a = 864.06(10) 
Unit cell (pm)  
c = 817.05(5) c = 817.08(6) c = 817.52(9) 
Volume (106 pm3)  532.08(7) 529.80(6) 528.59(10) 
Formula unit per cell (Z) 4  4  4  
Crystal size (µm3) 20 × 50 × 50 25 × 40 × 70 40 × 60 × 80 
ρcal (g/cm
3) 4.174  4.085 4.038 
µ (mm-1)  7.176 6.943 6.819 
Diffractometer, monochromator, 
scan mode 
Rigaku AFC-7 & 
Mercury-CCD, 
graphite, ω/ϕ 
Rigaku R-AXIS 
RAPID, graphite, 
ω 
Rigaku AFC-7 & 
Mercury-CCD, 
graphite, ω/ϕ 
Radiation Mo Kα Mo Kα Mo Kα  
Wave length (pm)  71.069 71.07 71.069 
F(000) 608 593 585 
Detector distance (mm) 40.225 127.4 40.21 
θ-range  (o) 2.5 - 34.24 2.7 - 35.62 2.5 - 32.13  
Range in h, k, l 
-13 < h < 11 
-13 < k < 10 
-12 < l < 12 
-13 < h < 13 
-13 < k < 13 
-11 < l < 12 
-12 < h < 12 
-12 < k < 10 
-11 < l < 12 
No. of reflections/unique 4896/448 7607/453 4300/367 
Reflections with I > 2σ(I) 403  447  357  
Rint/ Rσ  0.035/0.019 0.036/0.032 0.028/0.014 
No. of parameters 20 21 21 
Goodness of fit on F2 1.201 1.693 1.298 
R1/ wR2 [I > 2σ(I)] 0.0208/0.0399 0.0250/0.0490 0.0202/0.0377 
R1/ wR2 (all data) 0.0286/0.0414 0.0259/0.0492  0.0223/0.0379 
Extinction coefficient 0.0016(4) 0.0049(6) 0.0013(4) 
Max./min of residual peaks 
(e/Å3) 
1.114(1)/              
-0.844(1) 
1.427(1)/              
-1.702(6) 
0.637(1)/ 
-0.648(1)                             
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Table 6.11: Fractional atomic coordinates and equivalent isotropic displacement parameters 
(Uiso/Ueq in 10
4 pm2) of Mg5Pd2, No. 81; Mg5Pd1.92, No. 65; and Mg5Pd1.88, No. 59 annealed at 430 
oC. 
No. Atom Site s.o.f. x y z Uiso/Ueq 
81 
65 
59 
Mg1 12k 
 
1 
 
0.1936(1) 
0.1946(1) 
0.1953(1) 
0.3872(1) 
0.3892(2) 
0.3905(2) 
0.0624(1) 
0.0627(2) 
0.0628(2) 
146(2) 
155(2) 
155(2) 
81 
65 
59 
Mg2 6h 
 
1 
 
0.5406(1) 
0.5416(1) 
0.5421(2) 
0.0813(2) 
0.0832(2) 
0.0842(2) 
1/4 
1/4 
1/4 
148(3) 
157(3) 
149(3) 
81 
65 
59 
Pd1 6h 
 
1 
0.8770(2) 
0.8771(2) 
0.8772(1) 
0.7540(1) 
0.7542(1) 
0.7544(1) 
1/4 
1/4 
1/4 
121.3(1) 
127.6(1) 
132.9(2) 
81 
65 
59 
Pd2 2c 
1 
0.84(3) 
0.75(3) 
1/3 
1/3 
1/3 
2/3 
2/3 
2/3 
1/4 
1/4 
1/4 
137.7(1) 
131.3(2) 
133(2) 
81 
65 
59 
Mg3 2a 
 
1 
0 
0 
0 
0 
0 
0 
0 
0 
0 
122(4) 
134(4) 
141(5) 
 
 
Table 6.12: Selected interatomic distances (pm) of θ-Mg5Pd2 annealed at 430 
oC. The Mg content 
obtained from single crystal structure refinements is given in at.% for each sample. The E.s.d’s 
are given in parentheses.  
distance 72.7 (No. 59)  72.3 (No. 65) 71.4 (No. 81) 
Mg1:  1 Pd1 277.8(2) 277.19(2) 276.4(1) 
           2 Pd1 298.2(1) 297.80(1) 297.4(1) 
           1 Pd2 257.2(1) 258.15(2) 259.9(1) 
           1 Mg1 306.1(3) 306.02(3) 306.5(3) 
           2 Mg1 309.8(2) 309.15(2) 308.2(1) 
           2 Mg1 357.9(2) 360.12(2) 363.5(2) 
           2 Mg2 314.9(1) 314.89(2) 314.9(1) 
           2 Mg2 323.0(1) 323.56(2) 324.5(1) 
           1 Mg3 296.7(1) 296.13(1) 295.3(1) 
Mg2:   2 Pd1 274.4(1) 274.71(1) 275.4(1) 
           1 Pd2 312.4(2) 312.10(2) 311.4(2) 
           4 Mg1 314.9(1) 314.89(2) 314.9(1) 
           4 Mg1 323.0(1) 323.56(2) 324.5(1) 
           2 Mg2 323.0(3) 324.71(3) 327.8(3) 
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Table 6.12: continued. 
Pd1:    2 Mg2 274.4(1) 274.71(1) 275.4(1) 
           2 Mg3 274.9(1) 275.08(1) 275.5(1) 
           2 Mg1 277.8(2) 277.19(2) 276.4(1) 
           4 Mg1 298.2(1) 297.80(1) 297.4(4) 
           2 Pd1 318.4(1) 319.10(1) 320.0(1) 
Pd2:   6 Mg1 257.2(1) 258.15(2) 259.9(1) 
           3 Mg2 312.4(2) 312.10(2) 311.4(2) 
Mg3:   6 Pd1 274.9(1) 275.08(1) 275.5(1) 
           6 Mg1 296.7(2) 296.13(1) 295.3(1) 
 
 
Table 6.13: Crystal data and structure refinement of Mg5Pd2, Mg5Pd1.97, and Mg5Pd1.91 annealed at 
600 oC.  
Alloy composition (at.% Mg) 70 (No. 79) 72 (No. 69) 73 (No. 63) 
Refined composition (at.% Mg) 71.4 71.7 72.4 
Formula Mg5Pd2 Mg5Pd1.97  Mg5Pd1.91  
Formula weight (g/mol) 334.35 330.63 325.31 
Space group P63/mmc P63/mmc  P63/mmc  
a = 867.19(8)   a = 866.50(7) a = 864.97(8) 
Unit cell (pm)  
c = 817.14(7) c = 817.17(7) c = 819.17(7) 
Volume (106 pm3)  532.18(8) 531.35(8) 530.77(8) 
Formula unit per cell (Z)  4 4  4  
Crystal size (µm3) 50 × 60 × 90 40 × 50 × 80  50 × 60 × 100 
ρcal (g/cm
3) 4.173  4.133 4.071 
µ (mm-1)  7.174 7.071 6.914 
Diffractometer, monochromator, 
scan mode 
Rigaku-AFC-7& 
Mercury-CCD, 
graphite, ω/ϕ 
Rigaku-R-AXIS 
RAPID,     
graphite, ω 
Rigaku-R-AXIS 
RAPID,     
graphite, ω  
Radiation, wave length (pm) Mo Kα, 71.069 Mo Kα, 71.069 Mo Kα, 71.069 
θ-range  (o) 2.5 - 34.33 2.7 - 47.81 2.5 - 35.5  
Range in h, k, l 
-13 < h < 11 
-13 < k < 13 
-10 < l < 12 
-14 < h < 15 
-18 < k < 15 
-15 < l < 17 
-13 < h < 13 
-14 < k < 14 
-13 < l < 13 
No. of reflections/unique 4866/438 11854/987 8270/495 
Reflections with I > 2σ(I) 404   971  494  
Rint/Rσ  0.035/0.02 0.038/0.022 0.039/0.033 
No. of parameters 20 21 21 
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Table 6.13: continued. 
Goodness of fit on F2 1.215 1.693 1.631 
R1/wR2 [I > 2σ(I)] 0.0208/0.0385 0.0434/0.0596 0.0218/0.0537 
R1/wR2 (all data)  0.0271/0.0385 0.044/0.0626  0.0219/0.0538 
Extinction coefficient 0.0041(4) 0.0006(2) 0.0054(9) 
Max./min of residual peaks 
(e/Å3) 
1.206(1)/                      
-0.954(1) 
1.29(1)/                
-2.12(6) 
0.600(1)/              
-0.705(1)                             
 
 
Table 6.14: Fractional atomic coordinates and equivalent isotropic displacement parameters of: 
Mg5Pd2, No. 79; Mg5Pd1.97, No. 69; Mg5Pd1.91, No. 63 annealed at 600 
oC; Uiso/Ueq (10
4 pm2). 
No. Atom Site s.o.f. x y z Uiso/Ueq         
79 
69 
63 
Mg1 12k 1 
0.1937(1) 
0.1939(1) 
0.1949(1) 
0.3874(1) 
0.3878(2) 
0.3898(2) 
0.0624(1) 
0.0627(2) 
0.0625(2) 
143(2) 
144(2) 
155(2) 
79 
69 
63 
Mg2 6h 
 
1 
0.5407(1) 
0.5410(2) 
0.5416(1) 
0.0815(2) 
0.0820(2) 
0.0832(2) 
1/4 
1/4 
1/4 
144(3) 
155(3) 
162(3) 
79 
69 
63 
Pd1 6h 
 
1 
0.8770(2) 
0.8770(1) 
0.8771(1) 
0.7540(4) 
0.7540(1) 
0.7543(1) 
1/4 
1/4 
1/4 
144.1(1) 
115.6(7) 
131.6(2) 
79 
69 
63 
Pd2 2c 
1 
0.93(3) 
0.83(3) 
1/3 
1/3 
1/3 
2/3 
2/3 
2/3 
1/4 
1/4 
1/4 
134.5(1) 
123(2) 
130.4(2) 
79 
69 
63 
Mg3 2a 1 
0 
0 
0 
0 
0 
0 
0 
0 
0 
120(5) 
121(4) 
151(4) 
 
 
Table 6.15: Selected interatomic distances (pm) of θ-Mg5Pd2 annealed at 600 
oC. The Mg content 
obtained from single crystal structure refinements is given in at.% for each sample. The E.s.d’s 
are given in parentheses. 
distance 72.4 (No. 63) 71.7 (No. 69) 71.4 (No. 79) 
Mg1:  1 Pd1 277.84(2) 276.85(2) 276.54(2) 
           2 Pd1 298.30(1) 297.44(1) 297.50(1) 
           1 Pd2 258.05(2) 259.22(2) 259.75(2) 
           1 Mg1 307.13(3) 306.05(3) 306.46(3) 
           2 Mg1 309.46(2) 308.58(2) 308.34(2) 
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Table 6.15: continued. 
           2 Mg1 359.20(2) 362.40(2) 363.27(2) 
           2 Mg2 315.03(2) 314.86(2) 314.94(2) 
           2 Mg2 323.73(2) 324.34(2) 324.48(2) 
           1 Mg3 296.47(2) 295.52(2) 295.38(2) 
Mg2:  2 Pd1 274.69(1) 275.12(1) 275.36(1) 
           1 Pd2 312.03(2) 311.70(2) 311.55(2) 
           4 Mg1 315.03(2) 314.86(2) 314.94(2) 
           4 Mg1 323.73(2) 324.34(2) 324.48(2) 
           2 Mg2 324.52(3) 326.62(3) 327.57(3) 
Pd1:    2 Mg2 274.69(1) 275.12(1) 275.36(1) 
           2 Mg3 275.36(1) 275.33(1) 275.44(1) 
           2 Mg1 277.84(2) 276.85(2) 276.54(2) 
           4 Mg1 2.98.30(1) 297.44(1) 297.50(1) 
           2 Pd1 318.82(1) 319.71(1) 320.02(1) 
Pd2:    6 Mg1 258.05(2) 259.22(2) 259.75(1) 
           3 Mg2 312.03(2) 311.70(2) 311.55(2) 
Mg3:   6 Pd1 275.36(1) 275.33(1) 275.44(1) 
           6 Mg1 296.47(2) 295.52(2) 295.38(2) 
 
6.2.5 Crystal chemistry  
Fig. 6.17 shows the coordination type polyhedra around the five atoms in the asymmetric 
unit. The coordination polyhedron around Mg1 is a bi-capped polarly and bi-capped 
equatorially distorted pentagonal prism (CN14). A bi-capped polarly, equatorially 
pentagonal prism is found around Mg2 (CN13). Pd2 is surrounded by a tri-capped 
trigonal prism. The Mg3 and Pd1 atoms take the position at the centres of icosahedra 
(CN12). The volumes of coordination polyhedra extend from 39.88 × 106 pm3 to 79.16 × 
106 pm3, whereas the volumes of the Voronoi cells are in the range of 15.73 × 106 pm3 to 
21.75 × 106 pm3 as shown in Table 6.16. The plot of the volumes of the Voronoi cells of 
the coordination polyhedra in the crystal structure of θ-Mg5Pd2 as a function of the Mg 
content is shown in Fig. 6.18. As already discussed above, the volumes of the Voronoi 
cells of the tri-capped trigonal prisms (Pd2) slightly decrease with increasing content of 
Mg, while the polyhedron around Mg1, Mg3 and Pd1, respectively, have more and less a 
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constant volume of the Voronoi cells. The crystal structure of θ-Mg5Pd2 was recently 
described using the concept of condensed polyhedra [51]. Crystal structures can be 
described in several ways to emphasize certain characteristics, or to point out 
relationships between different structures. Furthermore, it is well known that a 
convenient way in describing the crystal structure of a phase crystallizing with 
homogeneity range should be derived from the analyses of a number of crystals at 
different compositions [6].  
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 6.17:  Coordination polyhedra in the crystal structure of θ-Mg5Pd2.  
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Table 6.16: Volumes of the coordination polyhedra (CP) and the Voronoi cells (VC) of θ-Mg5Pd2 
annealed at 430 oC (samples No. 59, No. 65, and No. 81) and 600 oC (samples No. 63, No. 69, 
and No. 79). The Mg content obtained from single crystal structure refinements is given in at.% 
Mg for each sample. The coordination number (CN) for each atom is also given.  
Atom Volume              
(106 pm3) 
72.7            
(No. 59)  
72.4           
(No. 63)  
72.3 
(No. 65)  
71.7                        
(No. 69)  
71.4                                             
(No. 79)  
71.4
(No. 81)  
CN 
CP 78.66 78.97 78.83 79.06 79.17 79.16 
Mg1 
VC 19.72 19.79 19.74 19.77 19.79 19.79 
14 
CP 74.39 74.80 74.69 75.05 75.21 75.21 
Mg2 
VC 21.42 21.55 21.55 21.69 21.75 21.75 
13 
CP 60.68 60.83 60.64 60.62 60.60 60.63 
Pd1 
VC 16.67 16.72 16.66 16.67 16.68 16.67 
12 
CP 39.88 40.14 40.12 40.38 40.52 40.54 
Pd2 
VC 15.73 15.85 15.89 16.05 16.12 16.13 
9 
CP 58.50 58.57 58.37 58.26 58.25 58.21 
Mg3 
VC 16.08 16.10 16.06 16.04 16.04 16.03 
12 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 6.18: Volume of the Voronoi cells of the coordination polyhedra in the crystal structure of θ-
Mg5Pd2 obtained from various crystal structure analyses of single crystals obtained from samples 
annealed at 430 oC and 600 oC. 
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With this point of view, the crystal structure of the θ-phase can be well understood in 
terms of the I3 cluster concept. The crystal structures of the two closely related structures, 
Co2Al5 and Mn3Al10, were already described in terms of I3 clusters to point out their 
similarities [24, 94]. A partial projection of the crystal structure perpendicular to the c-
axis is shown in Fig. 6.19 a. Two I3 clusters are directly connected by interpenetrating of 
two icosahedra via a common fivefold sector generating the 19-atom double icosahedron 
which is a structural subunit in many decagonal phases. Three different 19-atom double 
icosahedra resulting from three different I3 clusters generate a trigonal prismatic void 
with Pd2 at the centre, however, only partially occupied at the Mg-rich phase boundary. 
A generated space filling is given by an arrangement of octahedra and trigonal prisms as 
shown in Fig. 6.19b. The trigonal prismatic site in the so-called kappa-phases is empty in 
some cases [95]. The kappa-phases belong to compounds crystallizing with the structures 
types Mn3Al10 [96], Co2Al5 [88-92], Mo4Hf9Ni [97], and Co3W10C3.4 [98], respectively. 
The crystal structure of θ-Mg5Pd2 and also the kappa-phases contain a large number of 
interstices. The most important ones are the octahedral voids generated by the I3 clusters 
(Fig. 6.19a). These are located at the two different sites (4f, 3m) and (6g, 2/m) as shown 
in Fig. 6.19b. These tetrahedral voids are due to the icosahedra and the square-pyramidal 
interstices are located outside the lateral faces of the trigonal prisms. Phase-analytical and 
crystallographic results point out constitutional vacancies at Pd2 site generating a 
variable composition of the phase. Therefore, a variation of interatomic distances around 
the Pd2 is observed as shown in Table 6.9. Increasing the nominal Mg content increases 
the vacancy concentration at the Pd2 site and subsequently forces the Pd2−Mg1 distances 
to decrease whereas the distances Pd2−Mg2 increase. This gives rise to contraction of the 
a-axis and elongation of the c-axis of the hexagonal unit cell. In the overall structure, the 
Pd−Mg distances cover the range from 257.1 pm to 312.4 pm whereas the Mg–Mg 
distances vary from 295.3 pm to 363.5 pm, and the Pd–Pd distances (318.4 pm) differ 
much from the distance between palladium atoms in the element (275 pm) [72]. 
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Fig. 6.19 Crystal structure of θ-Mg5Pd2: (a) projection of the crystal structure perpendicular to the 
c-axis. The trigonal prismatic voids generated from three interpenetrating icosahedra with three I3 
clusters are outlined. At the Pd-rich phase boundary the sites 2c are fully occupied by Pd (Pd2), 
whereas at the Mg-rich phase limit the sites are only 75% occupied by Pd; (b) space filling 
arrangement of octahedral and trigonal prismatic coordinated sites in a cell.  
(a) 
(b) 
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Electrical resistivity ρ(T) data and the normalized electrical resistivity ρ(T)/ρ300K for the 
θ-phase from various alloys are plotted in Fig. 6.20a, b. These plots clearly show that the 
θ-phase reveals a metallic behaviour. In Table 6.17, the residual resistivity ρo, the 
temperature-dependent contribution ρ300K - ρo, and the residual resistivity ratio ρ300K/ρo 
are listed.  
 
 
Table 6.17: Residual electrical resistivity ρo, temperature-dependent contribution ρ300K - ρo and 
residual electrical resistivity ratio ρ300K/ρo for the θ-phase. 
Alloy composition (at.% Mg) ρo (µΩcm) ρ300K - ρo (µΩcm) ρ300K/ρo 
73 (No. 63) 23.54 17.13 1.73 
72 (No. 69) 6.35 13.23 3.08 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 6.20: (a) Electrical resistivity ρ(T) of the θ-phase with various compositions, i.e. Mg5Pd1.91 
(No. 63) and Mg5Pd1.97 (No. 69). 
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Fig. 6.20 (continued): (b) normalized electrical resistivity ρ(T)/ρ300K of the θ-phase with various 
compositions, i.e. Mg5Pd1.91 (No. 63) and Mg5Pd1.97 (No. 69). 
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6.3 Mg2Pd: The ι-phase  
6.3.1 Introduction 
Intermetallic compounds of the NiTi2 structure type represent complex metallic alloys 
phases with 96 atoms in the face-centred cubic unit cell distributed over three different 
crystallographic sites [99, 100]. They are frequently found as compounds with AB2 
composition, where A and B are transition metals [101-107]. A small number of ternary 
intermetallic compounds are also known. AlMg3Pt2 [108] and GaxMg4-xPd2 with 0 < x ≤ 1 
[12] are two examples. Another important characteristic of these phases is their ability to 
dissolve O, N, C, and H, with the non-metal atoms occupying interstitial sites. For 
instance pure Mg2Rh is not known but a ternary phase Mg2RhH1.1 was reported, i.e. 
stabilised by hydrogen [109]. Another example is given by Mg2PdC0.2 reported by Noreus 
et al. [110]. They obtained the ternary phase by dehydrogenation of an amorphous 
carbide hydride Mg2PdCxH2. The aim of the work was to elucidate the existence of 
Mg2Pd in the binary Mg-Pd phase diagram and to describe its crystal structure. 
6.3.2 Alloy preparation  
Various alloys with nominal compositions varying from 70 at.% Mg (No. 78) to 60 at.% 
Mg (No. 95) were prepared by induction melting of mixtures of granules of the elements 
in weld-sealed tantalum ampoules under dry argon atmosphere. The samples were melted 
twice for homogenization. Subsequently, the ampoules were encapsulated in fused 
evacuated silica tubes and annealed at 650 oC, 600 oC, and 500 oC, respectively, for three 
weeks. Finally, the samples were quenched in cold water.  
6.3.3 Heterogeneous equilibria 
Samples from No. 78 to No. 95 were used to study the heterogeneous equilibria and the 
phase stability of the ι-phase, Mg2Pd. Samples No. 78 to 81 are already discussed in 
section 6.1.3. The results obtained from DTA/DSC, metallography, quantitative chemical 
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analyses, X-ray powder and single crystal diffraction, and the melt-centrifugation 
technique are listed in Table 6.18. 
 
Table 6.18: Results of the phase analytical studies of samples No. 82-95. 
No. 82: 69 at.% Mg, as-cast, w.q.m.; XRPD, θ and κ.  
No. 83: 66.7 at.% Mg, as-cast, w.q.m.; XRPD, Fig. 6.21, θ and κ; a(θ) = 866.96(6) pm, c(θ) = 
817.01(3) pm, a(κ) = 316.91(9) pm.  
No. 84: 66.7 at.% Mg, annealed at 650 oC for three weeks; XRPD, Fig. 6.22, ι as the main phase, 
θ and κ in traces prior DSC,  θ and κ after DSC; DSC, 5 K/min, Fig. 4.8-84, three endothermic 
peaks, θ + κ = ι, Te = 681 
oC, L = θ + κ, Te = 688 
oC, and L = κ, T = 698 oC; a(ι) = 1205.35(4) 
pm; ICP, 66.8 at.% Mg; microstructure in Fig. 6.23; EDXS: ι: 65.3(5) at.% Mg for 25 × 25 µm2, 
κ: 51.9(5) at.% Mg for 7 × 7 µm2; composition of ι from single crystal structure refinement: 66.7 
at.% Mg. 
No. 85: 66.7 at.% Mg, annealed at 600 oC for three weeks; ICP, 66.6 at.% Mg; XRPD, Fig. 6.21, ι 
as the main phase, θ and κ in traces prior DSC; θ and κ after DSC; DSC, 10 K/min, Fig. 4.8-85, 
one broad endothermic peak, L = θ + κ, Te = 690(3) 
oC, two exothermic peaks observed at 626 oC 
and 616 oC; a(ι) = 1205.23(7) pm. 
No. 86: 66.7 at.% Mg, annealed at 500 oC for three weeks; ICP, 66.7 at.% Mg; XRPD, ι as the 
main phase, θ and κ in traces; a(ι) = 1205.30(4) pm. 
No. 87: 64 at.% Mg, as-cast, w.q.m.; XRPD, θ and κ. 
No. 88: 64 at.% Mg, annealed at 600 oC for three weeks, XRPD, ι and κ. 
No. 89: 64 at.% Mg, annealed at 500 oC for three weeks, XRPD, ι and κ. 
No. 90: 60 at.% Mg, as-cast, w.q.m.; ICP, 59.9 at.% Mg; XRPD, θ and κ; a(θ) = 866.96(6) pm, 
c(θ) = 817.01(3) pm, a(κ) = 316.72(5) pm. 
No. 91: 60 at.% Mg, by melt-centrifugation at 800 oC, crystals of κ were separated after 
centrifugation; EDXS: 54.5(5) at.% Mg for 30 × 30 µm2; composition from single crystal 
structure refinement: 54.5 at.% Mg; the liquidus point was deduced using the level rule; a(κ) = 
317.30(4) pm.     
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No. 92: 60 at.% Mg, at 800 oC from the two phase field L + κ, w.q.m; XRPD, Fig. 6.24, θ and κ; 
a(θ) = 866.96(6) pm, c(θ) = 817.01(3) pm, a(κ) = 317.49(4) pm; microstructure in Fig. 6.25. 
No. 93: 60 at.% Mg, at 700 oC from the two phase field L + κ, w.q.m; XRPD, Fig. 6.24, θ and κ; 
a(θ) = 866.96(6) pm, c(θ) = 817.01(3) pm, a(κ) = 317.13(2) pm; EDXS: κ: 53.9(5) at.% Mg for 
10 × 10 µm2, θ: 70.6 at.% Mg for 25 × 25 µm2. 
No. 94: 60 at.% Mg, annealed at 600 oC for three weeks; ICP: 60.1 at.% Mg;  XRPD, Fig. 6.24, ι 
and κ prior DSC, θ and κ after DSC; DSC, 5 K/min, Fig. 4.8-94, three endothermic peaks as No. 
84, θ + κ = ι, Te = 681 
oC, L = θ + κ, Te = 688 
oC, and L = κ, T = 698 oC; a(ι) = 1235.35(6) pm, 
a(κ) = 316.34(6) pm for annealed sample; microstructure in Fig. 6.26; EDXS: κ: 51.3(5) at.% Mg 
for 10 × 10 µm2, ι: 65.7(5) at.% Mg for 50 × 50 µm2. 
No. 95: 60 at.% Mg, annealed at 500 oC for three weeks; XRPD, Fig. 6.24, ι and κ; a(ι) = 
1235.31(7) pm, a(κ) = 316.13(5) pm; EDXS: κ: 50.8(5) at.% Mg for 10 × 10 µm2, ι: 65.7(5) at.% 
Mg for 50 × 50 µm2. 
 
The κ-phase was observed in all as-cast alloys from 71 at.% Mg to 60 at.% Mg, which 
were obtained by quenching in cold water. After heat treatments at 600 oC and 500 oC, 
the respective alloys below 66.7 at.% Mg revealed the phases θ + ι, and above 66.7 at.% 
Mg the phases ι + κ. After heat treatment at 650 oC or 600 oC of an alloy with 66.7 at.% 
Mg nearly single phase ι-Mg2Pd could be obtained. Representative examples of X-ray 
powder patterns are shown in Fig. 6.21 and Fig. 6.22 for No. 84 and No. 85, respectively. 
The pattern of the as-cast alloy (No. 83) with 66.7 at.% Mg contains the Bragg reflections 
of θ-Mg5Pd2 and κ-MgPd. After annealing a sample (No. 85) at 600 
oC for three weeks ι-
Mg2Pd is the majority phase but with some traces of the θ- and κ-phase. After a DSC run 
(Fig. 8.69-85 in the appendix 8.7), θ-Mg5Pd2 and κ-MgPd again are the majority phases. 
This behaviour strongly supports a peritectoid reaction of the type  ι = κ + θ. According 
to DSC (Fig. 8.68-84 and 8.69-85 in the appendix 8.7) the peritectoid temperature is 681 
oC. The eutectic point (L = θ + κ) is reached at 689 oC. 
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Fig. 6.21: X-ray powder patterns (Cu Kα1) for an alloy containing 66.7 at.% Mg heat treated at 
various temperatures: (a) as-cast alloy (sample No. 83); the X-ray pattern contains θ-Mg5Pd2 and 
κ-MgPd; (b) alloy annealed at 600 oC (sample No. 85); the pattern contains ι-Mg2Pd as the 
majority phase and traces of κ-MgPd and θ-Mg5Pd2; (c) X-ray pattern of the same sample after 
DSC (heating and cooling rates of 5 K/min) containing κ-MgPd, θ-Mg5Pd2 and traces of ι-Mg2Pd; 
reflection markers for θ, ι and κ are shown at the bottom and calculated for a(θ) = 866.96(6) pm 
and c(θ) = 817.01(3) pm, a(ι) = 1205.35(4) pm, a(κ) = 316.91(9) pm.  
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Fig. 6.22: X-ray powder pattern (Cu Kα1) of an alloy containing 66.7 at.% annealed at 650 
oC for 
three weeks (No. 84). The X-ray pattern contains ι (red) as the majority phase, θ (yellow) and κ 
(blue) in traces; calculated patterns are shown with a(θ) = 866.96(6) pm and c(θ) = 817.01(3) pm, 
a(ι) = 1205.35(4) pm, a(κ) = 316.91(9) pm. The inset is the enlarged part from 18-48o 2θ. 
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This eutectic is detected for as-cast sample (No. 78) containing 70 at.% Mg (Fig. 4.7d). 
According to EDXS the composition of the eutectic point is 69 at.% Mg. A further 
example of nearly single phase material of ι-Mg2Pd is shown in Fig. 6.22. The 
corresponding X-ray powder pattern contains Bragg reflections of the majority phase (ι-
Mg2Pd) and only some small peaks mostly from the κ-phase and less the θ-phase. A 
region of the microstructure with a large amount of the κ-phase is shown in Fig. 6.23. 
According to EDXS the composition of the ι-Mg2Pd is 65.3 at.% and that of the κ-phase 
is 51.9 at.% Mg. 
It should be noted here, that the microstructure of the hypereutectic as-cast alloys did not 
reveal the eutectic structure. In addition, it was observed that the temperature of the final 
peak in DTA, which usually corresponds to the end of the melting process, in the 
hypereutectic region is in contradiction to the results obtained from the melt 
centrifugation technique. It was clearly shown by this method that at 60 at.% Mg and 800 
oC the alloy is in a two phase field (L + κ) whereas according to DTA melting seemed to  
be already finished at about 700 oC. Both features can be explained by assuming a very 
steep liquidus curve in most part of the hypereutectic region. In this case, supercooling is 
a frequent by observed behaviour and the liquidus peak smears out. Fig. 6.24 shows the 
X-ray powder patterns for alloys containing 60 at.% Mg after heat treatments at various 
temperatures. The pattern of an alloy quenched from the two phase field (L + κ) from 700 
oC (No. 93) or from 800 oC (No. 92) contains κ-MgPd and θ-Mg5Pd2. The X-ray patterns 
obtained after annealed at 500 oC for three weeks (No. 95) or 600 oC for three weeks (No. 
94) did not reveal the presence of κ-MgPd and ι-Mg2Pd. Two more microstructures are 
shown in Fig. 6.25 and 6.28. Fig. 6.25 shows a microstructure of an alloy at nominal 
content of 60 at.% Mg (No. 92) which was heat treated in the two phase field L + κ at 
800 oC. Approximately 2/3 of the bulk volume corresponds to the κ-phase with a 
composition of 54.5 at.% Mg. Fig. 6.26 again shows a microstructure of an alloy at a 
nominal content of 60 at.% Mg (No. 94) heat treated in the two phase field ι + κ. 
According to EDXS the chemical composition of the κ-phase was determined at 51.3 
at.% Mg. Therefore, in agreement with the level rule the volume fraction of the κ-phase 
is less than that found for sample No. 92. 
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Fig. 6.23: Microstructure of an alloy containing 66.7 at.% Mg annealed at 650 oC (No. 84): (a) 
bright field image showing ι-Mg2Pd (i), and the κ-phase (ii); (b) BSE image of the same sample 
showing the presence of the same phases. EDXS: κ: 51.9(5) at.% Mg for 7 × 7 µm2, ι: 65.3(5) 
at.% Mg for 25 × 25 µm2.  
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Fig. 6.24: X-ray powder patterns (Cu Kα1) for alloys containing 60 at.% Mg after heat treatment 
at various temperatures: (a) alloy quenched from the two phase field at 700 oC (No. 93); the 
pattern contains κ-MgPd and θ-Mg5Pd2; (b) alloy quenched from the two phase field at 800 
oC 
(No. 92), the pattern still contains κ-MgPd and θ-Mg5Pd2; (c) alloy annealed at 500 
oC (No. 95), 
the pattern now contains κ-MgPd and ι-Mg2Pd; (d) alloy annealed at 600 
oC (No. 94), the pattern 
contains κ-MgPd and ι-Mg2Pd. Reflection markers for θ, ι and κ are shown at the bottom and 
were calculated for a(θ) = 866.96(6) pm and c(θ) = 817.01(3) pm, a(ι) = 1205.35(4) pm, a(κ) = 
316.91(9) pm.  
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Fig. 6.25: Microstructure of an as-cast alloy containing 60 at.% Mg after heat treatment at 800 oC 
(No. 92), i.e. in a two-phase region: (a) bright field image with θ-Mg5Pd2 (i), and κ-MgPd (ii); (b) 
BSE image of the same specimen showing the presence of the same phases. 
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Fig. 6.26: Microstructure of an alloy containing 60 at.% Mg after annealing at 600 oC (No. 94): 
bright field image showing the primary phase κ (i) and ι (ii); (b) difference interference contrast 
(DIC) image of the same specimen (a) showing again the same phases ι and κ; (c) BSE image of 
the same specimen (a) showing again the same phases. EDXS: κ: 51.3(5) at.% Mg for 10 × 10 
µm2, ι: 65.9(5) at.% Mg for 50 × 50 µm2.  
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A similar anomalous eutectic behaviour was already observed during the rapid 
solidification of some bulk undercooled binary eutectics [111-116]. Various mechanisms 
have been proposed to explain the formation of such anomalous eutectic microstructures: 
(1) dendritic growth of a solute-rich phase in a partitionless manner followed by 
intradendritic melting and resolidification [117]; (2) independent simultaneous nucleation 
and growth of both phases forming eutectic [118]; (3) solidification in a non-dendritic 
fashion without solute segregation followed by solid-state precipitation of the second 
phase [119]; (4) formation of a dendritic skeleton of either of the two phases, followed by 
its segmentation and ripening, and subsequent nucleation of the other phase in the 
interdendritic liquid regions [120]. Maximum growth-velocity limits have been observed 
for Al-Cu [121] and Ag-Cu [122] eutectic alloys. It was shown that beyond this limit, 
coupled lamellar growth can no longer occur. Some of the mechanisms have been 
recently confirmed by the work of Xing et al [123], and Wei et al [124]. To match our 
results with one of the proposed mechanisms further experiments are needed. However, 
one can assume that the anomalous eutectic microstructure obtained here strongly 
depends on the solidification path produced by the solvus of the Mg-rich phase boundary 
of the κ-phase. 
To summarize: the ι-phase Mg2Pd is a new binary intermediate, which peritectoidally 
forms from θ and κ (ι = θ + κ) at 681 oC. As the unit cell parameters for the ι-phase in 
equilibrium with the θ- and κ-phases, respectively, are identical within estimated 
standard deviations one can assume a non perceptible homogeneity range. Therefore, the 
ι-phase is described as a “line compound’’. 
6.3.4 Crystal structure refinement 
A suitable single crystal for X-ray data collection was selected from sample No. 84. In 
agreement with a previous investigation [110], extinctions and Laue symmetry were 
compatible with the space group Fd 3 m. The atomic parameters of Mg and Pd of the 
crystal structure of Mg2PdC0.2 [110] were taken as the starting model and the structure 
was refined with the program SHELXL-97 [37] (full-matrix least-squares on F2) with 
anisotropic displacement parameters for all atoms. The refinement of the crystal structure 
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gave the following residuals peaks of the electron density: 0.427(1) (e/Å3) and -0.377(1) 
(e/Å3). R1 converged to 0.0152, and wR2 = 0.0326. Crystal data and structure refinement 
are listed in Table 6.19. Refinement, of the occupancy parameters in a separate series of 
least-squares cycles revealed full occupancy of all atomic sites within five standard 
deviations, and, therefore, the chemical formula Mg2Pd can be assigned to the binary 
phase which also confirms the fact that, the ι-phase crystallizes without any significant 
homogeneity range. Positional parameters, anisotropic displacement parameters and 
interatomic distances are listed in Table 6.20, Table 6.21, and Table 6.22, respectively. 
Chemical analyses on C, H, and N gave no significant evidence for impurities by light 
atoms. 
 
Table 6.19: Crystal data and structure refinement of ι-Mg2Pd (No. 84).  
Crystal data  
Alloy composition (at.% Mg) 66.7 (No. 84) 
Refined composition (at.% Mg) 66.7 
Formula Mg2Pd 
Formula weight (g/mol) 155.02 
Crystal system, Space group Cubic, Fd 3 m  
Unit cell (pm), Volume (106 pm3) a = 1205.35(4), V = 1751.22(10)  
Formula unit per cell (Z) 32 
Crystal size (µm3), colour  25 × 60 × 70, metallic lustre 
ρcal (g/cm
3) 4.704  
µ (mm-1) 8.57  
Data collection  
Diffractometer, monochromator, scan mode Rigaku AFC-7 & Mercury CCD, graphite,    
ω /ϕ 
Radiation, wave length Mo Kα , 71.07 
Temperature (K) 293(2) 
Tmax/Tmin 1.285 
F(000) 6435 
Detector distance (mm) 40. 21 
θ-range  (o) 2 - 32.05 
Range in h, k, l -14 < h < 16,  -11 < k < 17,  -16 < l < 16 
No. of reflections/unique 4577/176 
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Table 6.19: continued. 
Reflections with I > 2σ(I) 173  
Rint/Rσ 0.038/0.012 
Refinement  
No. of parameters 11 
Goodness-of fit on F2 1.299 
R1/wR2 [I > 2σ(I)] 0.0152/0.0326 
R1/wR2 (all data) 0.0157/0.0326 
Max./min of residual peaks (e/Å3) 0.427(1)/-0.377(1) 
 
 
Table 6.20: Fractional atomic coordinates and equivalent isotropic displacement parameters of ι-
Mg2Pd (No. 84); Ueq (10
4 pm2) [118]. 
Atom Site x y z Ueq 
Mg1 48f 0.4313(1) 1/8 1/8 126.6(3) 
Pd1 32e 0.2166(2) x x 118.5(2) 
Mg2 16c 0 0 0 119.7(5) 
 
 
Table 6.21: Anisotropic displacement parameters Uij (10
4 pm2) of ι-Mg2Pd. E.s.d.’s are given in 
parentheses. 
Atom U11 U22 U33 U12 U13 U23 
Mg1 149.0(7) 115.0(4) 115.0(4) 0 0 15.0(5) 
Pd1 119.0(1) 119.0(1)  119.0(1) -0.1(7) -0.1(7)  -0.1(7)  
Mg2 120.0(5) 120.0(5)  120.0(5)  11.0(5) 11.0(5)  11.0(5)  
 
 
Table 6.22:  Selected interatomic distances (pm) of ι-Mg2Pd, E.s.d’s are given in parentheses. 
Mg1: 2 Pd1 273.4(1)  3 Mg1 273.4(1) 
 2 Pd1 302.2(1)  3 Mg1 302.2(1) 
 2 Mg2 305.2(1)  3 Pd1 312.3(1) 
 4 Mg1 316.2(1) Mg2: 6 Pd1 267.2(1) 
 4 Mg1 330.3(1)  6Mg1 305.2(2) 
Pd1: 3 Mg2 267.2(1)    
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6.3.5 Crystal chemistry  
ι-Mg2Pd is a complex metallic alloy phase with 96 atoms in the face-centred cubic unit 
cell. The crystal structure is isotypic to NiTi2 [99, 100]. Fig. 6.27 shows the coordination 
polyhedra around the three atoms in the asymmetric unit. The Pd atoms (Pd1 at 32e) are 
surrounded icosahedrally by 3 Pd at 312.28(6) pm and 9 Mg atoms with distances 
ranging from 267.21(2) pm to 302.2(1) pm. The coordination polyhedron around Mg at 
48f (Mg1) is a pentagonal prism counting of 10 Mg atoms; the polyhedron is bi-capped 
polarly and equatorially by 4 Pd atoms. The interatomic distances Mg1–Mg2 and Mg1–
Pd1 extend from 305.2(1) pm to 330.3(2) pm and from 273.36(4) pm to 302.2(1) pm, 
respectively. The atomic environment type of Mg at 16c (Mg2) is a distorted icosahedron 
with 6 Pd at 267.21(1) pm and 6 Mg at 305.2(1) pm. 
  
 
 
 
 
 
 
 
Fig. 6.27: Coordination type polyhedra in the crystal structure of ι-Mg2Pd 
 
 
The crystal structure is conveniently described as a space-filling arrangement of γ-brass 
clusters and octahedra as shown in Fig. 6.28c, d. The γ-brass cluster (26 atoms) is formed 
by 4 interpenetrating icosahedra centred by Pd atoms (Fig. 6.28c). 
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The Pd atoms form a Pd4 tetrahedron capped above all faces by Mg2 atoms, i.e. Pd and 
Mg together forming a tetraederstern (Fig. 6.28b). The γ-brass clusters are centred at the 
positions of a diamond net building up an open framework with each cluster connected to 
four clusters of inverse orientation (Fig. 6.28a). Two neighbouring clusters share six 
triangular faces. Additionally, each γ-brass cluster is vertex connected via common Mg1 
atoms to twelve next nearest clusters. The remaining space is filled by a framework of 
Mg1 octahedra (Fig. 6.28f), which is known as the pyrochlore packing [28]. Here, 
neighbouring Mg6 octahedra share common faces (Fig. 6.28g). The four icosahedra 
surrounding the Mg2 atoms of a tetraederstern are in face contact with the Pd4 
tetrahedron, and with each other. This configuration is known as a Pearce cluster [31] or 
as an augmented γ-brass cluster (38 atoms) as shown in Fig. 6.28e.  
A complementary description of the crystal structure is discussed in [24] in terms of the 
I3 cluster concept (Fig. 6.29), which is based on a cluster of three vertex-connected 
icosahedra and a small set of connection rules [24]. In case of ι-Mg2Pd, the icosahedra of 
the I3 clusters are centred by Pd with Mg1 as common vertices and Mg2 at the centre of 
bridging icosahedra, connecting different I3 clusters.  
A further study of NiTi2-phases containing Pd or Ag, Mg and Ga [125] shows that two 
crystallographic sites with icosahedral symmetry play an important role in the formation 
and the stabilisation of ternary phases. In case of Mg-Pd-Ga system the 16c site is 
randomly occupied by Ga and Mg. A complete solubility range is observed. Similar 
results were already obtained by Range et al. [108] during the systematic investigation of 
the ternary system Mg-Pt-Al. They synthesized and characterized AlMg3Pt2, an ordered 
ternary variant of the NiTi2 type structure with the 16c site being fully occupied by Al. In 
case of the ternary system Mg-Ag-Ga, the 32e site is randomly mixed occupied by Ag 
and Ga [125]. The description of the crystal structure remains the same as for ι-Mg2Pd. 
However, further studies are needed in order to understand the origin of the homogeneity 
range and occupation of the 16c site with Ga. 
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Fig. 6.28 Crystal structure of ι-Mg2Pd: (a) diamond net of Pd4 tetrahedra; (b) tetraederstern; (c) γ-
brass clusters; (d) packing of γ-brass clusters. 
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Fig. 6.28 (continued): (e) Pearce cluster; (f) Pyrochlore-type unit; (g) pyrochlore packing of Mg6 
octahedra. 
(g) 
(f) 
(e) 
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Fig. 6.29: Alternative description of the crystal structure of ι-Mg2Pd. (a) L-unit; (b) a connection 
of two neighbouring I3 clusters is defined by two icosahedra (red coloured) sharing a common 
face. An additional bridged icosahedron (green coloured) interpenetrates both former; (c) skeleton 
of I3 cluster.  
(b) 
(c) 
(a) 
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6.3.6 Physical properties 
Electrical resistivity data ρ(T) and the normalized electrical resistivity ρ(T)/ρ300K for the 
ι-phase are plotted in Fig. 6.30a, b. In Fig. 6.30a a strong temperature dependence of the 
electrical resistivity is evident. The ι-phase follows a metallic behaviour. In Table 6.23 
the residual resistivity ρo, the temperature-dependent contribution ρ300K - ρo and the 
residual resistivity ratio ρ300K/ρo are listed.  
 
Table 6.23: Residual electrical resistivity ρo, temperature-dependent contribution ρ300K - ρo and 
residual electrical resistivity ratio ρ300K/ρo for the ι-phase. 
Alloy composition (at.% Mg) ρo (µΩcm) ρ300K - ρo (µΩcm) ρ300K/ρo 
66.7 (No. 84) 3.63 18.04 5.97 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 6.30: (a) Electrical resistivity of ι-Mg2Pd (sample No. 84). 
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Fig. 6.30 (continued): normalized electrical resistivity ρ(T)/ρ300K of the ι-phase. 
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6.4 MgPd: The κ-phase 
6.4.1 Introduction 
κ-MgPd, crystallizing in a body centred cubic unit cell and isotypic with CsCl, was first 
reported by Ferro [44] and later on by Kripyakevich et al. [45]. According to Ferro, the 
unit cell parameter varies from 316.0 pm to 317.0 pm with increasing content of Mg at 
300 oC. Kripyakevich et al [45] reported that the phase is formed by a peritectoid reaction 
from η-Mg3Pd and λ-Mg0.9Pd1.1 at 700 
oC. The single phase field extends from 46.8 to 
53.6 at.% Mg at 400 oC according to Kripyakevich et al and narrows down with 
increasing temperature. Since no information was given on the origin of the homogeneity 
range, our aim was to redetermine the thermal stability of this binary phase and to give a 
first insight into the origin of the formation of the homogeneity range of κ-MgPd. The κ-
phase, however, is not classified as CMA. Therefore, much less have been done 
compared to the structurally complex Mg-rich phases. 
6.4.2 Alloy preparation  
Various alloys with nominal compositions ranging from 64 at.% Mg (No. 87) to 45 at.% 
Mg (No. 106) were prepared by induction melting of mixtures of granules of the elements 
in weld-sealed tantalum ampoules under a dry argon atmosphere. The samples were 
melted twice for homogenization. Subsequently, the ampoules were encapsulated in fused 
evacuated silica tubes and annealed at 500 oC, 600 oC, and 800 oC, respectively, for three 
weeks. Finally, the samples were quenched in cold water. The characterisation of the 
samples No. 87 to 95 was already discussed in section 6.3.3. 
6.4.3 Heterogeneous equilibria 
Results of the phase analytical studies of the samples No. 95-No. 106 obtained from 
DTA/DSC, metallography, quantitative chemical analyses, X-ray powder and single 
crystal diffraction and the melt-centrifugation technique are listed in Table 6.24. 
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Table 6.24: Results of the phase analytical studies of the samples No. 96-106. 
No. 96: 53 at.% Mg, as-cast, w.q.m.; XRPD, θ and κ. 
No. 97: 53 at.% Mg, annealed at 600 oC; XRPD, ι and κ prior DSC, θ and κ after DTA; a(ι) = 
1235.35(6) pm, a(κ) = 316.34(6) pm for annealed sample; DSC, 5 K/min, Fig. 8.71-97, three 
endothermic peaks, θ + κ = ι, Te = 681 
oC, L = θ + κ, Te = 688 
oC, and L = κ, T = 698 oC. 
No. 98: 53 at.% Mg, at 500 oC; XRPD, ι and κ, a(ι) = 1235.31(7) pm, a(κ) = 316.13(5). 
No. 99: 51 at.% Mg, as-cast, w.q.m.; XRPD, κ and λ. 
No. 100: 51 at.% Mg, annealed at 800 oC; XRPD, κ prior DTA, κ and λ after DTA, a(κ) = 
316.33(2) pm; DTA, 5 K/min, Fig. 8.72-100, two endothermic peaks, L + λ = κ, Te = 1000 
oC, L 
= λ, Tp = 1150 
oC. 
No. 101: 50 at.% Mg, as-cast, w.q.m.; XRPD, κ and λ. 
No. 102: 50 at.% Mg, annealed at 800 oC; XRPD, κ, a(κ) = 316.12(4) pm. 
No. 103: 47 at.% Mg, as-cast, w.q.m.; XRPD, κ and λ. 
No. 104: 47 at.% Mg, annealed at 800 oC; XRPD, κ and λ. 
No. 105: 45 at.% Mg, as-cast, w.q.m.; XRPD, λ as main phase and κ in traces. 
No. 106: 45 at.% Mg, annealed at 800 oC; XRPD, λ and traces of Pd-rich compounds. 
 
The X-ray powder pattern of sample No. 100 a pattern (Fig. 6.31a) exclusively contains 
reflections of the κ-phase. The DTA measurement performed on this sample shows two 
endothermic peaks during heating (Fig. 8.72-100). The first peak at 1004 oC (onset at 
1000 oC) is assigned to the peritectic reaction L + λ = κ, while the second peak at 1150 
oC corresponds to the liquidus curve. The previous reaction is justified by the fact that the 
X-ray powder pattern of sample No. 100 after a DTA run (5 K/min) shows mainly Bragg 
reflections of the λ-phase. The three small peaks indicated by arrows (see Fig. 6.31b) are 
of unknown origin so far. As the κ-MgPd was found to form in a peritectic reaction at 
1000 oC, another sample (60 at.% Mg annealed at 800 oC, No. 91) was prepared in order 
to obtain single crystals of the κ-phase using the melt centrifugation method.  
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Fig. 6.31: (a) X-ray powder pattern (Cu Kα1) of an alloy with 51 at.% Mg annealed at 800 
oC for 
3 weeks (No. 100); the X-ray pattern exclusively contains reflections of κ-MgPd; (b) X-ray 
pattern of the same sample (a) obtained after a DTA run (Tmax. = 1200 
oC); the reflections of the 
λ-phase are now observed and there are small peaks of unknown origin (arrows); reflection 
markers of κ-MgPd (a = 316.33(2) pm) and of λ-Mg0.9Pd1.1 (a = 303.32(3) pm, c = 339.64(1) pm) 
are shown at the bottom. 
 
Small crystals of κ-MgPd, as shown in Fig. 6.32, were easily obtained by this method. 
The EDXS analysis on the surface of some of the crystallites revealed 54.5(5) at.% Mg. 
Therefore, the Mg-rich phase boundary of κ-MgPd may extend to 54.5(5) at.% Mg at 800 
oC. The composition of the solvus at the Mg-rich phase boundary the κ-phase was 
determined using the results of EDXS and X-ray single crystal structure refinements.  
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From EDXS, the phase boundary was determined to 50.8(5) at.% Mg, 51.3(5) at.% Mg, 
and 53.9(5) at.% Mg at 500 oC, 600 oC, 700 oC, respectively.   
The content of 54.5 at.% Mg at 800 oC was obtained from single crystal structure 
refinements from sample No. 91. Therefore, the phase boundary of the κ-phase was 
determined to increase with increasing temperature. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 6.32: SEM image illustrating crystallites of the κ-phase within a matrix. Sample obtained by 
using the melt-centrifugation method of an alloy containing 60 at.% Mg and heated at 800 oC for 
48 hours (No. 91).  
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6.4.4 Crystal structure refinement   
The fractional atomic parameters of CsCl were taken as the starting model and the crystal 
structure was refined by full-matrix least-squares methods on F2 with isotropic 
displacement parameters using the program SHELXL-97 [37]. A refinement of the 
occupancy factor of site 1a (Pd) gives a value of 0.933(3) corresponding to a composition 
of 51.7 at.% Mg. However, the EDXS analysis performed on flat surfaces of crystallites 
of the κ-phase revealed the composition Mg54.5(5)Pd45.5(5) which does not fit to the 
composition obtained from single crystal structure refinements using partial occupation. 
Therefore, the site 1a was refined as 0.914(1) Pd + 0.085(1) Mg. The formula 
Mg1.09Pd0.91 corresponding to 54.5 at.% Mg is in good agreement with the EDXS results. 
Crystal data and details of the refinements are listed in Table 6.25. Fractional atomic 
coordinates and equivalent isotropic displacement parameters are listed in Table 6.26, 
and the interatomic distances are given in Table 6.27.  
 
 
Table 6.25: Crystal data and structure refinement of Mg1.09Pd0.91 (No. 91). 
Crystal data  
Refined composition (at.% Mg) 54.5 
Formula Mg1.09Pd0.91 
Formula weight (g/mol) 123.32 
Crystal system, Space group Cubic, Pm 3 m  
Unit cell (pm), Volume (106 pm3 ) a = 317.3(4), V = 31.946(7)  
Formula unit per cell (Z) 1 
Crystal size (µm3), colour 30 × 40 × 40,  grey 
ρcal (g/cm
3) 6.410  
µ (mm-1) 12.983  
Data collection  
Diffractometer, scan mode Rigaku R-AXIS RAPID, ω  
Radiation, wave length (pm) Mo Kα , 71.073 
Temperature (K) 293(2) 
Tmax/Tmin 1.531 
F(000) 55 
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Table 6.25: continued. 
Detector distance (mm) 127.4 
θ-range  (o) 6.43 - 69.56 
Range in h, k, l -7 < h < 8,  -8 < k < 5,  -6 < l < 7 
No. of reflections/unique 1060/91 
Reflections with I > 2σ(I) 91   
Rint/Rσ 0.0374/0.020 
Refinement  
No. of parameters 5 
Goodness-of fit on F2 1.307 
R1/wR2 [I > 2σ(I)] 0.0141/0.0317 
R1/wR2 (all data) 0.0141/0.0317 
Max./min. of residual peaks (e/Å3) 0.558/-0.440 
 
 
 
 
 
 
 
Table 6.26: Fractional atomic coordinates and equivalent isotropic displacement parameters          
Uiso (10
4 pm2) of Mg1.09Pd0.91 (No. 91). E.s.d.’s are given in parentheses. 
Atom Site s.o.f. x y z Uiso/Ueq  
Mg1 1b 1 1/2 1/2 1/2 139 (3) 
M1 1a 0.914(1) Pd + 0.085(1) Mg  0 0 0 137 (8) 
  
 
 
 
 
 
Table 6.27:  Selected interatomic distances (pm) of Mg1.09Pd0.91, E.s.d’s are given in parentheses. 
Mg1: 6 Mg1 317.30(4) M1: 8 Mg1 274.79(4) 
 8 M1 274.79(4)  6 M1 317.30(4) 
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6.4.5 Crystal chemistry 
The crystal structure of the κ-phase contains two crystallographically independent sites as 
shown in Fig. 6.33a, b. The coordination type polyhedron around Mg1 is a rhombic 
dodecahedron formed by 8 M1 (Mg + Pd) and 6 Mg1 atoms (Fig. 6.33a). The M1 site has 
also 14 surrounding neighbours forming a rhombic dodecahedron with 8 Mg1 and 6 M1. 
The Mg1−Mg1 distances of 317.3 pm are shorter than the average Mg−Mg distance (320 
pm) in hcp magnesium [72]. The Mg1−M1 distances (274.8 pm) are shorter than the 
average Mg−Pd or Mg−Mg distances of 298 pm and 320 pm, respectively. In fcc 
palladium [72] the Pd−Pd distances are significantly shorter (276 pm). The crystal 
structure of the κ-phase represents the well known CsCl structure, i.e. a body centred 
cubic arrangement of the two sublattices formed by Mg1 and M1 (Fig. 6.33c). 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 6.33: (a) Coordination type polyhedron around Mg1 (CN14), (b) coordination type 
polyhedron around M1 (Mg, Pd), (c) schematic representation of the crystal structure of κ-MgPd. 
 
(a) (b) 
(c) 
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 6.4.6 Physical properties 
Electrical resistivity data ρ(T) and the normalized electrical resistivity ρ(T)/ρ300K of the 
κ-phase are plotted in Fig. 6.34a, b. In Fig. 6.34a, a weak temperature dependence in the 
electrical resistivity can be seen. In Table 6.28 the residual resistivity ρo, the temperature-
dependent contribution ρ300K - ρo and the residual resistivity ratio ρ300K/ρo are listed. The 
material is a bad electric conductor. 
 
 
Table 6.28: Residual electrical resistivity ρo, temperature-dependent contribution ρ300K - ρo and 
residual electrical resistivity ratio ρ300K/ρo for the κ-phase. 
Alloy composition (at.% Mg) ρo (µΩcm) ρ300K - ρo (µΩcm) ρ300K/ρo 
51 (No. 100) 59.78 8.02 1.13 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 6.34: Electrical resistivity of the κ-phase (sample No. 100). 
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Fig. 6.34 (continued): Normalized electrical resistivity ρ(T)/ρ300K of the κ-phase. 
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7 Summary and Outlook 
The phase diagram of the Mg-Pd system was redetermined in the range from 50 at.% Mg 
to 100 at.% Mg. According to the present results, the binary system in the Mg-rich part 
contains eight intermediate phases: β-Mg6Pd, γ-Mg57Pd13, ε-Mg306Pd77, ζ-Mg64Pd17, η-
Mg3Pd, θ-Mg5Pd2, ι-Mg2Pd and κ-MgPd. Phase fields and heterogeneous equilibria were 
obtained by a combination of several methods: chemical analysis of bulk samples by 
ICP-OES; metallographic examinations of microstructures including optical and scanning 
electron microscopy (bright field, polarized light, DIC, secondary and backscattered 
electron contrast); energy and wavelength dispersive spectroscopy (EDXS and WDXS); 
difference thermal analysis (DTA) and difference scanning calorimetry (DSC); mass 
density measurements; X-ray powder and single crystal diffraction; measurements of 
magnetic susceptibility and electrical resistivity. The purity of the samples was checked 
by the combustion and hot gas extraction method. More than 100 alloys with an 
approximate total mass of 1 g were prepared in steps of 1 at.% by melting the elements in 
weld-sealed tantalum ampoules. Different runs of solidification techniques and heat 
treatments have been used to obtain information on the liquidus, solidus and solvus 
curves. As-cast alloys were obtained by quenching (in water) and were mainly used to 
obtain information on the liquidus curves as well as, eutectic and peritectic events. A 
small number of as-cast alloys was prepared by cooling down the alloys with approx. 50 
K/min. These samples together with alloys obtained after DSC measurements with 5 
K/min were used to identify intermediate phases formed by solid state reactions at high 
temperatures. Most of the samples were heat treated at various temperatures, i.e. 600 oC, 
500 oC, and 430 oC, respectively. It turned out that reactions at 430 oC are generally too 
slow to produce homogeneous and well equilibrated samples. The samples were used to 
obtain information on the phase stability, i.e. the shape of the phase fields and for precise 
determination of the temperature of invariant reactions. 
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In addition, the melt centrifugation technique was used to isolate single crystals of 
peritectic forming compounds and to check the liquidus curves. 
Mg and the Mg-rich compound β-Mg6Pd form eutectic structure. The eutectic point is at 
539 oC and lies between 90 at.% and 91 at.% Mg. Mg does not show a perceptible 
solubility for Pd, thus, no solid solution phase at the border is formed. However, Mg is 
called α-phase in this work in order to allow a consistent labelling of all phases within 
the Mg-Pd system.  
The use of Greek letters should be avoided as a phase designator according to IUPAC 
recommendation. However, within this thesis it proved to be helpful. 
The β-phase, Mg6Pd, melts congruently at 574 
oC and 86 at.% Mg and exhibits a small 
homogeneity range of 2.4 at.% from 85 at.% to 87.4 at.% Mg  at 530 oC. 
The origin of the homogeneity range of the β-phase was investigated in detail. The β-
phase crystallizes with a large face-centred cubic unit cell in the space group F 4 3m. The 
unit cell parameter a linearly decreases from 2019.85(6) pm at the Mg-rich phase 
boundary to 2004.5(5) pm at the Pd-rich border. The crystal structure was first described 
by S. Samson [5] based on a Pd-rich crystal. In this work, a completely new structure 
description was presented to show the structure relationships to the neighbouring phases. 
The crystal structure is conveniently described as an arrangement of interpenetrating and 
pentagonal face-sharing distorted Mackay clusters. The Mackay clusters are units count 
of 55 atoms with icosahedral symmetry. A Pd atom at the centre of the Mackay cluster is 
surrounded by an “inner’’ icosahedron of 12 Mg atoms which in turn is surrounded by an 
icosidodecahedral shell of 30 atoms and a shell of 12 Pd + 1 Mg atoms forming an 
“outer’’ icosahedron. 
The Mackay clusters form tetrahedral units by interpenetration along a local five-fold 
axis, thus forming a case unit of four vertex connected icosahedra. These units take then 
positions at the vertices of a diamond network. The remaining space is filled by two 
different kinds of tetrahedral units, a Pearce cluster (a tetrahedral unit of four fused 
icosahedra) and a tetrahedral unit of four vertex-sharing tri-capped trigonal prisms. 
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Single crystal structure analyses of specimens with different compositions reveal an 
intricate pattern of disorder. Neither crystals at the Mg-rich border nor crystals at the Pd-
rich border are fully ordered. At the Mg-rich phase boundary substitutional disorder was 
found at specific atom sites together with random substitution of MgPd4 units by Mg4 
units. With increasing Pd concentration the Mg4 units disappear. At the Pd-rich border 
only substitutional disorder and a number of constitutional vacancies are found. Mg6Pd is 
the trivial name for this phase. Due to the disorder, a crystallographic formula cannot be 
retained easily. A plausible formula for the fully ordered structure at the Mg-rich phase 
boundary is given by Mg43Pd6. However, this composition is outside the homogeneity 
range. 
The β-phase forms eutectic structure on the Mg-rich side together with γ-Mg53Pd17. The 
eutectic point is close to 83 at.% Mg and 560 oC. 
The γ-phase melts congruently and exhibits a homogeneity range smaller than 1 at.%, i.e. 
from 80. 8 at.% to 81.4 at.% Mg. The highest melting point is about 587 oC. The highest 
melting point in the phase diagram is assumed to be at the Mg-rich border as the crystal 
structure is then fully ordered. However, this remains speculative as well as the shape of 
the phase field of the γ-phase. The γ-phase decomposes eutectoid within the temperature 
interval of 530 oC to 560 oC. The precise temperature could not be fixed due the slow 
reaction which means that the phase transition is not visible in the DSC curve during 
cooling. This is quite often observed for eutectoid reactions. The temperature of 550 oC 
was chosen as the eutectoid temperature in the phase diagram.  
The γ-phase crystallizes in a large cubic unit cell (a = 1406.16(3) pm) at 81.4 at.% Mg 
and (a = 1405.19(1) pm) at 80.8 at.% Mg with 140 atoms per unit cell in the ordered case. 
The crystal structure represents a body centred cubic packing of Mackay cluster with the 
following shells: 1 Pd; 12 Mg; 30 Mg and 12 Pd. The Im 3 symmetry of the bcc packing 
of the Mackay clusters is broken by the following shell. Half of the Mackay clusters are 
surrounded by a rhombic icosidodecahedron of 60 Mg atoms and the second half by an 
augmented rhombic icosidodecahedron counting of 72 Mg atoms. During the 
experiments a single crystal of δ-Mg56.6Pd13.4 with a closely related structure was 
obtained at 81 at.% Mg in a quenched sample. Assuming a disorder-order transformation 
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the formula of the δ-phase should be δ-Mg57Pd13 instead of δ-Mg56.6Pd13.4. The crystal 
structure of δ-Mg57Pd13 is a random arrangement of the rhombic icosidodecahedron and 
the distorted rhombic icosidodecahedron with 50% probability distributed over the bcc 
lattice. It was not possible to obtain bulk material of this phase. The phase is probably a 
metastable one or a high temperature modification of the γ-phase. Further investigations 
are needed in order to understand the phase formation of δ-Mg56.6Pd13.4.   
However, the phase was not included in the phase diagram because no bulk material 
could be obtained. The γ-phase undergoes an eutectoid decomposition (γ = β + ε) at 550 
oC. The ε-phase itself decomposes peritectoid at 80 at.% and 560 oC to form the γ-phase 
and the ζ-phase (γ + ζ = ε) and shows no perceptible homogeneity range. 
The crystal structure of the ε-phase was already reported before. A redetermination of the 
crystal structure confirms the previously known results. The crystal structure can be 
described as an intergrowth of bcc and hexagonal primitive by packed slabs of Mackay 
clusters running along [001]. Although, the quality of the structure refinement was much 
better as reported before a satisfactory answer on a special position in the crystal structure 
could not be given. 
The γ-phase Mg57Pd13 together with the ζ-phase (ζ-Mg64Pd17) forms eutectic structure (L 
= γ + ε). The eutectic temperature is about 565 oC and the composition of the eutectic 
point lies within the interval from 80.5 at.% to 80.0 at.% Mg. In the phase diagram the 
eutectic point was determined at 80.5 at.% Mg. The ζ-phase forms peritectically at 580 
oC 
from the liquid and η-Mg3Pd (L + η = ζ). The composition of the melt at the peritectic 
temperature is higher than 80.0 at.% Mg but should be smaller than that of the eutectic 
point at about 80.5 at.% Mg. The ζ-phase was obtained as pure phase material at 79.0 
at.% Mg. Due to the complexity of the crystal structure and the complexity of the 
neighbouring ε-phase as well as to the very small two phase field in between, it was not 
possible to define a homogeneity range. 
However, it is likely that the ζ-phase has a small homogeneity range (less than 0.5 at.% 
Mg) because bulk single phase material is easily obtained.  
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The crystal structure of the ζ-phase is best described as a primitive packing of (distorted) 
Mackay clusters. Using a combination of X-ray and electron diffraction it was possible to 
show that the ζ-phase crystallizes with orthorhombic symmetry with a = 2805.3(2) pm, b 
= 2798.6 (3) pm, c = 4857. 3(2) pm. Electron microscopy studies on specimens obtained 
from the melt by the centrifugation technique revealed planar defects caused by 120o 
nano twin domains. A chemically reasonable model was deduced by a brute force 
refinement of the planar faulted crystal with Fmmm as space group symmetry. The 
composition of 79 at.% Mg of the model structure (after rejecting all positions with short 
interatomic distances) is in well agreement with the composition obtained from chemical 
analyses. According to the refinement results, the crystal structure is composed of 
Mackay clusters and clusters related to Mackay clusters. The latter are “anti clusters’’ in 
a similar relation between anti cube octahedra to cube octahedra.   
The phases β-Mg6Pd, γ-Mg57Pd13, δ-Mg57Pd13, ε-Mg306Pd77, and ζ-Mg64Pd17 belong to 
the class of the complex intermetallic alloy phases. Their fundamental structural units are 
the Mackay clusters. It can be assumed that the stability of Mackay clusters plays an 
essential role in the phase formation. 
Three different compounds (a total of four by counting the δ-phase, too) form in a narrow 
composition range from 79 at.% to 81 at.% Mg, i.e. in a small window of only 3 at.%. 
However, a small variation of about 1 at.% Mg yields a much higher percentage of 
variation by assuming a constant composition of the Mackay clusters. A variation of 5 
at.% Mg in the “glue atom’’ region can already induce a rearrangement of the packing of 
the Mackay clusters. This observation supports the view of “chemical stable’’ structure 
units. From this point of view an accumulation of CMAs of nearly identical chemical 
compositions is understandable. 
The η-phase (Mg3Pd) forms peritectically at 625 
oC from the liquid and θ-Mg5Pd2 and 
exhibits no perceptible homogeneity range (75.0 at.% Mg). The liquid phase at the 
peritectic temperature has a composition close to 78.0 at.% Mg. The η-phase crystallizes 
with the non-centrosymmetric space group P63cm (Cu3P structure type and not IrAl3 
(Na3As)). The crystal structure is best described as a space filling arrangement of 
distorted filled Edshammar polyhedra (CN11), i.e. fully-capped trigonal prisms and 
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empty Mg8 cubes. The unit cell parameters of the hexagonal unit cell are a = 798.7(1) 
pm, c = 842.2(1) pm. 
The θ-phase (Mg5Pd2) and its crystal structure has been described before in the literature 
[29, 50, 51]. θ-Mg5Pd2 crystallizes hexagonal in the space group P63/mmc (Al5Co2 
structure type). In this work the homogeneity range and its structural origin was 
investigated. The θ-phase melts congruently at about 697 oC with homogeneity range 
between 71.4 at.% Mg and 72.7 at.% Mg at 430 oC. It was found that the unit cell 
parameter c increases from c = 817.14(8) to 819.91(8) pm with increasing Mg content. 
However, the unit cell parameter a and the volume of the unit cell decrease from a = 
867.19(8) to 864.78(9) pm and 532.18(8) 106 pm3 to 528.59(9) 106 pm3 with increasing 
Mg content. 
The small unit cell volume with increasing nominal Mg content is in strong favour for a 
vacancy model at a specific Pd site. This Pd site is coordinated by trigonal prism of Mg 
atoms. The homogeneity range accounts for the site occupation factor of Pd from 75% to 
100%. The number of vacancies increases with nominal Mg content. Pure phase material 
was obtained from compositions at 71.7 at.% Mg, 72.4 at.% Mg and 72.3 at.% Mg, 
respectively. 
The θ-phase (Mg5Pd2) forms an eutectic point together with κ-MgPd. The eutectic 
temperature is 689 oC and the composition 69 at.% Mg. The typical lamellar eutectic 
structure is easily formed in hypoeutectic alloys, whereas, their structure is suppressed in 
hypereutectic alloys. The latter is probably caused by an extremely steep liquidus curve 
below 69 at.% Mg.  
A peritectoid reaction was found to take place at 681 oC. The θ-phase (Mg5Pd2) and the 
κ-phase (MgPd) form the ι-phase (Mg2Pd). The ι-phase crystallizes in the NiTi2-type 
structure without perceptible homogeneity range. The unit cell parameter of the cubic 
phase with 92 atoms per unit cell is a = 1205.35(5) pm. The crystal structure was 
described as a space filling arrangement of γ-brass clusters together with octahedra 
forming a pyrochlore packing. 
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It is interesting to note, that all phases investigated so far (except for η-Mg3Pd) are 
composed mainly of Pd centred icosahedra. In all these phases the icosahedra form I3 
clusters. However, only in the crystal structures of β, γ, δ, ε and ζ the I3 clusters form 
larger units of nearly icosahedral symmetry.  
The κ-phase forms in a peritectic reaction at 1000 oC from the liquid and the λ-phase 
(Mg0.9Pd1.1). The phase field was not fully investigated within this work. However, it was 
shown that the solvus curve at the Mg-rich border should have a negative slope. The 
chemical composition of the solvus curve of the κ-phase at the Mg-rich boundary is 
determined at 54.5 at.% Mg, 53.9(5) at.% Mg, 51.3(5) at.% Mg and 50.8(5) at.% Mg at.% 
Mg at 800 oC, 700 oC, 600 oC, and 500 oC, respectively. The variation of the unit cell 
parameters as a function of the Mg content has not been investigated in this work and 
remains a future work. Moreover, further DTA investigations are needed in the Pd-rich 
phase diagram in order to complete all heterogeneous equilibria of the Mg-Pd system.    
A single crystal isolated from a sample with the composition 54.5 at.% Mg was 
investigated and identified as κ-phase crystallizing with the CsCl-type structure. The unit 
cell parameter a = 317.3(4) pm was obtained at the Mg-rich border (54.5 at.% Mg). A 
substitution of Pd by Mg was found as the structural origin for the homogeneity range. 
An overview of the revised Mg-rich part of the Mg-Pd phase diagram is shown in Fig. 7.1 
and Fig. 7.2.  
The electrical resistivity was measured of all intermetallic compounds as a function of 
temperature in the range from 4 K to 300 K. Samples of β, ζ, θ and κ were single phase 
material without traces of minority phases. Samples of γ, η and ι were nearly single 
phase, i.e. traces of additional phases were observed in the microstructure or in X-ray 
powder pattern. The sample of the ε-phase (peritectoid formation) contained a high 
amount of the ζ-phase. All intermetallic phases are good metal conductors. 
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Fig. 7.1: Details of the revised Mg-rich palladium phase diagram. : samples within solid 
two-phase fields; : pure phase sample; 	: samples prepared by use of the melt centrifugation 
method and revealing a solid/liquid two-phase field; ■: samples prepared by use of the melt 
centrifugation method and revealing only melt after centrifugation; ◊: temperatures of the in- 
variant reactions in the DSC/DTA curves; : liquidus temperature;  : temperature observed 
only in cooling runs. 
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8 Appendix  
8.1 Supplementary material for β-Mg6Pd 
Table 8.1: Anisotropic displacement parameters Uij (10
4 pm2) for samples: No. 16, xMg = 0.85; 
No. 15, xMg = 0.854; No. 14, xMg = 0.862; No. 13, xMg = 0.868; No. 12, xMg = 0.872; No. 11, xMg = 
0.874. All samples except No. 13 were heat treated in the same run. 
No. Atoms U11 U22 U33 U12 U13 U23  
16 
15 
14 
 290(2) 
283(2) 
228(8) 
290(2) 
283(2) 
228(8) 
270(2) 
309(2) 
309(2) 
-1(2) 
-26(2) 
-52(7) 
-1(2) 
-1(8) 
-7(5) 
-1(2) 
-1(8) 
-7(5) 
13 Mg1 236(8) 236(8) 308(2) -48(2) -7(7) -7(7) 
12  202(5) 202(5) 267(8) -38(6) -5(4) -5(4) 
11  187(4) 187(4) 261(8) -31(5) -4(4) -4(4) 
16 
15 
14 
 225(8) 
219(7) 
211(6) 
225(8) 
219(7) 
211(6) 
281(1) 
303(2) 
310(2) 
19(1) 
18(9) 
35(8) 
29(8) 
25(7) 
33(6) 
29(8) 
25(7) 
33(6) 
13 Mg2 228(8) 228(8) 324(8) 36(2) 30(8) 30(8) 
12  212(5) 212(5) 294(9) 39(7) 18(5) 18(5) 
11  211(5) 211(5) 293(9) 38(7) 19(5) 19(5) 
16 
15 
14 
 208(8) 
207(6)  
192(5) 
208(8) 
207(6) 
192(5) 
202(2) 
177(2) 
143(8) 
26(9) 
18(8) 
8(6) 
52(7) 
38(6) 
23(4) 
52(7) 
38(6) 
23(4) 
13 Mg3 220(7) 220(7) 129(2) 6(9) 22(6) 22(6) 
12  187(5) 187(5) 128(5) 1(5) 11(4) 11(4) 
11  183(4) 183(4) 123(6) 1(5) 12(4) 12(4) 
16 
15 
14 
 184(7) 
179(6) 
185(5) 
184(7) 
179(6) 
185(5) 
168(2) 
172(9) 
161(7) 
4(4) 
-11(8) 
-11(7) 
-6(6) 
-11(8) 
-12(4) 
-6(6) 
-9(5) 
-12(4) 
13 Mg4 189(7) 189(7) 177(2) -22(2) -15(6) -15(6) 
12  177(4) 177(4) 161(6) -14(6) -8(4) -8(4) 
11  173(4) 173(4) 160(6) -12(6) -10(4) -10(4) 
16 
15 
14 
 389(2) 
306(8) 
239(6) 
389(2) 
306(8) 
239(6) 
185(2) 
193(2) 
174(9) 
284(2) 
167(2) 
65(7) 
-119(2) 
-63(7) 
-11(5) 
-119(2) 
-63(7) 
-11(5) 
13 Mg5 205(7) 205(7) 207(2) 38(9) -3(7) -3(7) 
12  188(5) 188(5) 171(7) 29(6) -1(4) -1(4) 
11  180(4) 180(4) 175(7) 18(5) -3(4) -3(4) 
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Table 8.1: continued. 
16 
15 
14 
 212(2) 
204(2) 
179(2) 
163(9) 
155(7) 
142(6) 
163(9) 
155(7) 
142(6) 
0 
0 
0 
0 
0 
0 
-11(2) 
-3(2) 
-6(8) 
13 Mg6 194(2) 138(8) 138(8) 0 0 -5(2) 
12  163(2) 138(5) 138(5) 0 0 -12(7) 
11  169(2) 134(5) 134(5) 0 0 -18(7) 
16 
15 
14 
 261(2) 
249(2) 
237(2) 
166(2) 
162(8) 
170(7) 
166(2) 
162(8) 
170(7) 
0 
0 
0 
0 
0 
0 
-48(2) 
-45(2) 
-45(9) 
13 Mg7 257(2) 176(9) 176(9) 0 0 -54(2) 
12  249(2) 169(6) 169(6) 0 0 -49(8) 
11  237(2) 171(6) 171(6) 0 0 -49(8) 
16 
15 
14 
 203(2) 
220(2) 
248(2) 
200(2) 
200(9) 
192(8) 
200(2) 
200(9) 
192(8) 
0 
0 
0 
0 
0 
0 
-45(2) 
-32(2) 
-19(9) 
13 Mg8 276(2) 228(2) 228(2) 0 0 -16(2) 
12  237(2) 198(7) 198(7) 0 0 -5(9) 
11  230(2) 200(7) 200(7) 0 0 -9(8) 
16 
15 
14 
 133(2) 
134(2) 
136(2) 
133(2) 
134(2) 
136(2) 
133(2) 
134(2) 
136(2) 
4(2) 
5(2) 
4(2) 
4(2) 
5(2) 
4(2) 
4(2) 
5(2) 
4(2) 
13 Pd1 150(2) 150(2) 150(2) 10(2) 10(2) 10(2) 
12  136(2) 136(2) 136(2) 4(2) 4(2) 4(2) 
11  136(2) 136(2) 136(2) 3(2) 3(2) 3(2)  
16 
15 
14 
 162(2) 
161(2) 
159(2) 
162(2) 
161(2) 
159(2) 
162(2) 
161(2) 
159(2) 
-15(2) 
-15(2) 
-16(2) 
-15(2) 
-15(2) 
-16(2) 
-15(2) 
-15(2) 
-16(2) 
13 Pd2 173(2) 173(2) 173(2) -11(2) 11(2) -11(2) 
12  156(2) 156(2) 156(2) -14(2) -14(2) -14(2) 
11  156(2) 156(2) 156(2) -14(2) -14(2) -14(2) 
16 
15 
14 
 167(8) 
164(7) 
174(6) 
167(8) 
164(7) 
174(6) 
167(8) 
164(7) 
174(6) 
17(2) 
16(8) 
12(7) 
17(2) 
16(8) 
12(7) 
17(2) 
16(8) 
12(7) 
13 Mg9 162(8) 162(8) 162(8) 18(9) 18(9) 18(9) 
12  163(5) 163(5) 163(5) 14(6) 14(6) 14(6) 
11  165(5) 165(5) 165(5) 13(6) 13(6) 13(6) 
16 
15 
14 
 143(2) 
143(2) 
143(2) 
143(2) 
143(2) 
143(2) 
143(2) 
143(2) 
143(2) 
4(2) 
4(2) 
4(2) 
4(2) 
4(2) 
4(2) 
4(2) 
4(2) 
4(2) 
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Table 8.1: continued. 
13 Pd3 161(2) 161(2) 161(2) 8(2) 8(2) 8(2) 
12  144(2) 144(2) 144(2) 5(2) 5(2) 5(2) 
11  143(2) 143(2) 143(2) 5(2) 5(2) 5(2) 
16 
15 
14 
 256(4) 
248(3) 
232(4) 
256(4) 
248(3) 
232(4) 
256(4) 
248(3) 
232(4) 
-45(3) 
-37(3) 
-24(3) 
-45(3) 
-37(3) 
-24(3) 
-45(3) 
-37(3) 
-24(3) 
13 M1a 216(6) 216(6) 216(6) -27(6) -27(6) -27(6) 
12  227(6) 227(6) 227(6) -6(5) -6(5) -6(5) 
11  223(7) 223(7) 223(7) 1(6) 1(6) 1(6) 
16 
15 
14 
 - 
- 
232(4) 
- 
- 
232(4) 
- 
- 
232(4) 
- 
- 
-24(3) 
- 
- 
-24(3) 
- 
- 
-24(3) 
13 M1b 216(6) 216(6) 216(6) -27(6) -27(6) -27(6) 
12  227(6) 227(6) 227(6) -6(5) -6(5) -6(5) 
11  223(7) 223(7) 223(7) 1(6) 1(6) 1(6) 
16 
15 
14 
 290(4) 
340(3) 
460(2) 
290(4) 
340(3) 
460(2) 
290(4) 
340(3) 
460(2) 
0 
0 
0 
0 
0 
0 
0 
0 
0 
13 Mg10 420(4) 420(4) 420(4) 0 0 0 
12  460(2) 460(2) 460(2) 0 0 0 
11  410(3) 410(3) 410(3) 0 0 0 
 
 
 
Table 8.2: Selected interatomic distances (pm) in the crystal structure of β-Mg6Pd. The Mg 
content obtained from single crystal structure refinements is given in at.% for each sample below 
the sample number. 
Atom No. 11, 
87.4 
No. 12, 
87.3 
No. 13, 
86.8 
No. 14, 
86.3 
No. 15, 
85.4 
No. 16, 
85.0 
Mg1:   1 Pd1     285.1(1) 285.33(1) 286.41(3) 284.51(4) 288.05(3) 285.1(2) 
            1 Mg1 290.8(3) 290.03(3) 287.25(5) 286.96(2) 280.54(6) 278.0(7) 
            1 Mg3    297.2(2)                                                         297.43(2) 298.38(4) 299.68(3) 300.95(4) 301.9(5)                                                         
            2 Mg5    304.7(1) 304.44(2) 305.09(3) 304.89(2) 306.64(3) 308.9(4) 
            2 Mg1    312.7(3) 311.92(3) 310.06(5) 307.35(4) 303.35(5) 301.1(6) 
            2 M1a    318.1(1) 317.21(2) 315.33(2) 312.89(2) 309.51(2) 307.5(2) 
or        1 M1b 303.1(2) 302.32 (2) 301.59(4) 297.12(4)  - - 
            2 Mg2 342.6(2) 341.99(2) 341.67(3) 341.20(2) 339.97(3) 339.3(3) 
            1 Mg8    344.8(3) 344.82(3) 345.92(5) 346.39(4) 347.25(4) 348.1(5) 
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Table 8.2: continued. 
            1 Mg10   355.0(1) 354.15(2) 351.48(3) 348.29(2) 343.62(3) 340.8(4) 
Mg2:   1 M1a      283.5(3) 288.64(3) 288.29(4) 287.79 (2) 285.18(3) 283.6(3) 
or        1  M1b 344.9(9) 343.44(9) 332.95(9) 345.50(4) - - 
            1  Pd3       292.7(2) 293.53(2) 293.53(3) 293.52(2) 294.56(3) 295.3(3)   
            2  Mg4      308.9(2) 309.60(2) 308.82(3) 307.94(2) 309.97(2) 310.4(3) 
            2  Mg5      310.2(1) 309.77(2) 309.34(3) 309.21(2) 306.09(2) 305.2(2) 
            1  Mg8      337.9(2) 338.27(3) 337.90(4) 337.17(3) 337.00(3) 337.2(4) 
            2  Mg1      342.6(2) 341.99(2) 341.67(3) 341.20(2) 339.97(3) 339.3(3) 
            2  Mg7      316.8(1) 316.72(2) 316.75(3) 316.22(2)  315.69(2) 315.3(2) 
            2  Mg2      355.8(3)  353.78(3) 353.55(5)  352.27(4) 348.32(4) 345.8(5)  
Mg3:   1  Pd2       278.7(1)           278.54(2) 278.80(3)  278.75(2) 278.96(3) 279.1(3) 
            1  Mg1      297.2(2) 297.43(2) 296.99(3) 299.68(3) 300.95(4) 301.9(4) 
            1  Pd1       298.1(1) 297.80(2) 298.38(4) 296.06(2) 294.10(2) 293.0(3) 
            2  Mg6      306.6(1) 306.52(2) 306.62(3) 306.17(2) 305.19(2) 304.7(3) 
            2  Mg4      306.9(2) 306.80(2) 306.73(3) 306.17(2) 304.94(2) 304.7(2) 
            2  Mg3      310.6(2) 310.69(2) 310.02(3) 309.08(2) 315.05(4) 316.1(5) 
            2  Mg5      310.9(1) 310.52(2) 310.10(2) 309.16(2) 308.09(2) 307.7(2) 
            1  Mg8      311.3(1) 310.81(2) 312.48(4)  313.22(3) 307.76(3) 307.1(3) 
Mg4:   1  Pd3                 267.3(1) 267.03(2) 266.53(2) 266.38(2) 266.03(2) 265.5(2) 
            1  Mg9      300.3(2) 300.15(3) 299.95(4) 299.46(3) 299.73(3) 299.7(4)  
            1  Pd2       300.4(1)  300.50(2) 300.30(3) 299.90(2) 299.49(2) 299.5(2)  
            2  Mg3     306.9(2) 306.80(2) 300.30(3) 306.04(2) 304.94(2) 304.7(2) 
            2  Mg2     308.9(2) 309.60(2) 309.35(3) 309.21(2) 309.97(2) 310.4(3) 
            2  Mg8     323.7(9) 323.64(1) 323.37(2) 323.15(1) 323.00(2) 322.9(2) 
            2  Mg5     324.3(1) 324.01(2) 323.80(3) 323.24(1) 320.39(3) 318.3(3) 
            1  Mg7     346.7(2) 345.84(2) 345.66(3) 344.42(3) 342.53(3) 340.9(4) 
Mg5:   1  Pd1               295.4(2) 294.96(2) 295.18(3) 294.23(2) 294.90(3) 296.1(3) 
            1  Mg6     299.5(2) 299.29(3) 299.62(4) 299.14(3) 297.58(4) 296.5(4)    
            2  Mg1                   304.7(1) 304.44(2) 305.09(3) 304.89(2) 306.64(3) 308.9(4) 
            2  Mg2     310.2(1) 309.77(2) 308.82(3) 307.94(2) 306.09(2) 305.2(2) 
            2  Mg3     310.9(1) 310.52(2) 310.10(2) 309.16(2) 308.09(2) 307.7(2) 
            1  Mg5     319.1(3) 319.36(3) 319.95(5) 321.23(4) 318.61(6) 314.8(8) 
            2  Mg4     324.3(1) 324.01(2) 323.80(3) 323.24(2) 320.39(3) 318.3(3) 
            1  Mg7     342.5(2) 342.20(3) 341.82(4) 341.09(3) 338.32(4) 335.4(5) 
Mg6:   2  Pd1               284.7(4) 284.26(1) 283.84(1) 283.31(1) 282.16(1) 281.5(7)           
            2  Mg5     299.5(2) 299.29(3) 299.62(4) 299.14(3) 297.58(4) 296.5(4) 
            4  Mg6     304.6(3) 304.25(3) 304.36(5) 304.47(3) 305.66(4) 306.1(5) 
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Table 8.2: continued. 
            4  Mg3     306.6(1) 306.51(2) 306.62(3) 306.17(2) 305.19(2) 304.7(3) 
Mg7:   2  Pd3               271.7(5) 271.54(1) 271.42(1) 271.03(1) 270.63(1) 270.6(1)           
            4  Mg2     316.8(1) 316.72(2) 316.75(3) 316.22(2) 315.69(2) 315.3(2) 
            4  Mg7     336.6(3) 336.90(3) 336.14(5) 336.55(4) 336.31(5) 337.1(5) 
            2  Mg5     342.5(2) 342.20(3) 341.82(4) 341.09(3) 338.32(4) 335.4(5) 
            2  Mg4     346.7(2)  345.84(2) 345.66(3) 344.42(2) 342.53(3) 340.9(4) 
Mg8:   2  Mg9              306.5(2) 306.35(3) 306.03(4) 305.98(3) 305.64(3) 305.2(3)           
            2  Mg3     311.3(2) 310.81(2) 310.02(3) 309.08(2) 307.76(3) 307.1(3) 
            2  Pd2      313.1(2) 312.96(2) 312.70(3) 312.60(2) 312.23(3) 311.8(3) 
            4  Mg4     323.7(9) 323.64(1) 323.37(2) 323.15(1) 323.00(2) 322.9(2) 
            2  Mg2     337.9(2) 338.27(3) 337.90(4) 337.17(3) 337.00(3) 337.2(4) 
            2  Mg1     344.8(3)  344.82(3) 345.92(5) 346.39(3) 347.25(4) 348.1(5)  
Pd1:    3  Mg6              284.7(4) 284.26(1) 283.84(1) 283.31(1) 282.16(1) 281.5(1)           
            3  Mg1     285.1(1) 285.33(2) 286.41(3) 286.96(2) 288.05(3) 288.9(4) 
            3  Mg5     295.4(1) 294.96(2) 295.18(3) 294.23(2) 294.10(2) 296.1(3) 
            3  Mg3     298.1(2) 297.80(2) 296.99(3) 296.06(2) 294.90(3) 293.0(3) 
Pd2:    3  Mg3     278.7(1)          278.54(2) 278.80(3) 278.75(2) 278.96(3) 279.1(3)          
            3  Mg9     284.6(8) 284.47(1) 284.40(2) 284.20(1) 283.82(2) 283.7(2) 
            3  Mg4     300.4(1) 300.50(2) 300.30(3) 299.90(2) 299.49(2) 299.5(2) 
            3  Mg8     313.1(2) 312.96(2) 312.70(3) 312.60(2) 312.23(3) 311.9(3) 
Mg9:   3  Pd2               284.6(8) 284.47(1) 284.40(2) 284.20(1) 283.82(2) 283.7(2)           
            3  Mg9     300.1(4) 300.15(3) 299.95(4) 299.46(3) 299.73(4) 300.6(7)               
            3  Mg4     300.3(2) 300.39(4) 299.96(7) 300.59(5) 300.43(6) 299.7(4) 
            3  Mg8     306.5(2) 306.35(3) 306.03(4) 305.98(3) 305.64(3) 305.2(3) 
Pd3:    3  Mg4     267.3(1) 267.03(2) 266.53(3) 266.38(2) 266.03(2) 265.5(2) 
            3  Mg7     271.7(5) 271.54(1) 271.42(1) 271.03(1) 270.63(1) 270.6(1) 
            3  Mg2     292.7(2) 293.53(2) 293.53(3) 293.52(2) 294.56(3) 295.3(3) 
M1a:   1  Mg10            287.6(3) 286.54(3) 286.20(3) 284.94(2) 283.67(2) 283.0(2)           
            3  Mg2     289.5(2) 288.64(3) 288.29(4) 287.79(2) 285.18(3) 283.5(3) 
            6  Mg1     318.1(1) 317.21(2) 315.32(2) 312.89(2) 309.51(2) 307.5(2) 
M1b:   6  Mg1             303.1(2) 302.32(2) 301.59(4) 297.12(4) - - 
            3  Mg2     344.9(9) 343.44(9) 340.40(4) 345.50(4) - - 
            3  M1b     350.2(2) 350.08(2) 355.35(1) 341.70(7) - - 
Mg10: 4  M1a    287.6(3) 286.54(3) 286.20(3) 284.94(2) 283.67(2) 283.0(2)           
           12 Mg1    355.1(2) 354.15(2) 351.48(3) 348.29(2) 343.62(3) 340.8(4) 
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Table 8.3: Crystal data and structure refinement of a single crystal of Mg5.8Pd isolated from 
sample No. 17 after DSC. 
Crystal data  
Alloy composition (at.% Mg) 85.0 (No. 17 after DSC) 
Refined composition (at.% Mg) 85.3 
Formula  Mg5.8Pd 
Formula weight (g/mol) 3562.82 
Crystal system, Space group Cubic, F 4 3m 
Unit cell (pm), Volume (106 pm3)  a = 2007.76(2), V = 8093.48(14)  
Formula unit per cell (Z)  4 
Crystal size (µm3), colour (40 × 60 × 60),  metallic lustre 
ρcal (g/cm
3) 2.924  
µ (mm-1) 3.79 
Data collection  
Diffractometer, monochromator, scan mode Rigaku AFC-7 & Mercury CCD, 
graphite, ω /ϕ  
Radiation, wave length (pm) Mo Kα , 71.073 
Temperature (K) 293(2) 
Tmax/Tmin 1.531 
F(000) 6659 
Detector distance (mm) 42.42 
θ-range  (o) 2 - 60 
Range in h, k, l -24 < h < 28,  -28 < k < 28,  -28 < l < 28 
No. of reflections/unique 26169/1213 
Reflections with I > 2σ(I) 1213 
Rint /Rσ   0.0541/0.0179 
Refinement  
No. of parameters 62 
Goodness-of fit on F2 1.34 
R1/WR2 [I > 2σ(I)] 0.042/0.077 
R1/WR2 (all data)  0.042/0.077 
Flack parameter 0.45(7) 
Max./min. of residual peaks (e/Å3) 1.29(1)/-1.16 
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Table 8.4: Fractional atomic coordinates and equivalent isotropic displacement parameters of 
Mg5.8Pd (sample No. 17 after DSC); Uiso/Ueq (10
4 pm2).  
Atom   Site   s.o.f. x y z Uiso/Ueq 
Mg1 48h 0.908(13) 0.0495(2) 0.0495(2) 0.1562(2) 225(11) 
Mg2 48h 1 0.0989(2) 0.0989(2) 0.7778(2) 196(7) 
Mg3 48h 1 0.1064(2) 0.1064(2) 0.2837(2) 153(6) 
Mg4 48h 1 0.1565(2) 0.1565(2) 0.5237(2) 148(5) 
Mg5 48h 1 0.1939(2) 0.1939(2) 0.0175(2) 220(7) 
Mg6 24g 1 0.1423(2) 1/4 1/4 152(8) 
Mg7 24g 1 0.6311(2) 1/4 1/4 170(8) 
Mg8 24f 1 0.3141(2) 0 0 137(8) 
Pd1 16e 1 0.1504(3) 0.1504(3) 0.1504(3) 93(2) 
Pd2 16e 1 0.4178(3) 0.4178(3) 0.4178(3) 112(2) 
Mg9 16e 1 0.5528(2) 0.5528(2) 0.5528(2) 142(2) 
Pd3 16e 1 0.6566(3) 0.6566(3) 0.6566(3) 98(2) 
M1  16e 0.598(6) Pd + 0.402(7) Mg 0.9186(6) 0.9186(6) 0.9186(6) 262(6) 
Mg10 4a 1 0 0 0 370(3) 
 
 
 
Table 8.5: Anisotropic displacement parameters Uij (10
4 pm2) of Mg5.8Pd (sample No. 17 after 
DSC). 
Atom U11 U22 U33 U12 U13 U23 
Mg1 223(13) 223(13) 208(13) -69(13) -1(9) -1(9) 
Mg2 171(9) 171(9) 245(16) 45(12) 0 0 
Mg3 131(8) 131(8) 197(15) 18(15) 26(8) 26(8) 
Mg4 162(9) 162(9) 119(11) 6(11) 6(11) 6(7) 
Mg5 274(11) 274(11) 114(14) 145(13) -50(9) -50(9) 
Mg6 156(19) 150(11) 150(11) 0 0 -8(14) 
Mg7 240(2) 135(11) 135(11) 0 0 -24(15) 
Mg8 132(19) 139(12) 139(12) 0 0 5(14) 
Pd1 93(2) 93(2) 93(2) -14(2) -14(2) -14(2) 
Pd2 112(2) 112(2) 112(2) -20(2) -20(2) -20(2) 
Mg9 142(10) 142(100 142(10) 3(11) 3(11) 3(11) 
Pd3 98(2) 98(2) 98(2) 1(2) 1(2) 1(2) 
M1 262(6) 262(6) 262(6) -43(4) -43(4) -43(4) 
Mg10 370(3) 370(3) 370(3) 0 0 0 
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Table 8.6:  Selected interatomic distances (pm) in the crystal structure of Mg5.8Pd (sample No. 
17), E.s.d’s are given in parentheses.  
Mg1:  1 Pd1      286.4(3)             1  Pd2    299.6(3)              2  Mg2    337.1(4) 
           1 Mg1    281.5(6)             2  Mg3   304.6(3)             2  Mg1    346.8(5)  
           1 Mg3    302.5(4)                                        2  Mg2   310.5(3) Pd1:    3  Mg6    283.4(1)           
           2 Mg5    306.3(4)             2  Mg8   323.2(2)             3  Mg1    286.4(3) 
           2 Mg1    303.0(6)             2  Mg5   320.5(3)             3  Mg5    295.4(3) 
           2 M1      309.5(2)             1  Mg7   341.9(4)             3  Mg3    293.0(3) 
           2 Mg2    340.1(3) Mg5:   1  Pd1    294.0(3) Pd2:    3  Mg3    277.9(3)          
           1 Mg8    346.8(5)             1  Mg6   296.9(5)                 3  Mg9    283.6(2) 
           1 Mg10  343.9(4)             2  Mg1   306.3(4)             3  Mg4    299.6(3) 
Mg2:  1 M1      285.2(3)             2  Mg2   306.6(2)             3  Mg8    312.7(3) 
           1  Pd3    295.0(3)               2  Mg3   308.6(2) Mg9:   3  Pd2     283.6(2)           
           2  Mg4   310.5(3)             1  Mg5   318.6(7)             3  Mg9    300.0(8)               
           2  Mg5   305.2(2)             2  Mg4   318.3(3)             3  Mg4    300.1(4) 
           1  Mg8   337.1(4)             1  Mg7   338.2(5)             3  Mg8    306.4(4) 
           2  Mg1   340.1(3) Mg6:   2  Pd1    283.4(7)           Pd3:    3  Mg4    266.8(3) 
           2  Mg7   315.5(2)             2  Mg5   296.9(5)             3  Mg7    270.0(2) 
           2  Mg2   347.3(6)              4  Mg6   305.8(6)             3  Mg2    295.0(3) 
Mg3:  1  Pd2     277.9(3)             4  Mg3   304.8(3) M1:     1  Mg10  282.9(2)           
           1  Mg1   302.5(4) Mg7:   2  Pd3    270.0(2)                       3  Mg2    285.2(3) 
           1  Pd1    295.4(3)             4  Mg2   315.2(3)             6  Mg1    309.5(2) 
           2  Mg6   304.8(3)             4  Mg7   337.7(6) Mg10: 4  M1      282.9(2)           
           2  Mg4   304.6(3)             2  Mg5   338.2(5)             12 Mg1   343.9(4) 
           2  Mg3   312.0(5)             2  Mg4   341.9(4)  
           2  Mg5   308.6(2) Mg8:   2  Mg9   306.4(4)            
           1  Mg8   308.2(3)             2  Mg3   308.2(3)             
Mg4:  1  Pd3    266.8(3)             2  Pd2    312.7(3)             
           1  Mg9   300.1(4)              4  Mg4   323.2(2)  
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8.2 Supplementary material for ε-Mg306Pd77 
 
Table 8.7: Anisotropic displacement parameters Uij (10
4 pm2) for ε-Mg306Pd77 (sample No. 32). 
Atom U11 U22 U33 U12 U13 U23 
Mg1 120(2) 120(2) 160 (2) 2(17) −5(17) 18(18) 
Mg2 70(2) 190(2) 180(2) 2(18) 18(17) −20(19) 
Mg3 130(2) 120(2) 190(2) −8(17) 25(18) 11(18) 
Mg4 260(3) 140(2) 190(3) 40(2) −50(2) 7(19) 
Mg5 150(2) 130(2) 210(2) −8(18) 36(19) −15(19) 
Mg6 210(2) 150(2) 190(3) −53(19) −70(2) 27(19) 
Pd1 184(5) 186(5) 272(6) −16(4) 31(5) −64(5) 
Mg7 240(3) 470(4) 160(3) −120(3) 0 60(2) 
Pd2 111(4) 108(4) 172(5) 18(4) −3(4) −6(4) 
Mg8 180(3) 230(3) 360(3) 40(2) −40(2) 20(2) 
Mg9 190(2) 100(2) 120(2) 4(18) −19(18) 24(17) 
Mg10 200(2) 100(2) 200(3) −21(18) −22(19) −38(18) 
Mg11 140(2) 190(2) 100(2) 13(18) 10(17) 39(18) 
Mg12 200(2) 170(2) 210(3) −30(2) 20(2) 0 
Mg13 170(2) 210(2) 190(3) 0 −8(19) 40(2) 
Mg14 210(2) 200(2) 110(2) −20(2) −3(18) −21(18) 
Mg15 150(2) 150(2) 130(2) −11(18) 10(17) −3(18) 
Pd3 115(5) 230(6) 156(5) 6(4) −31(4) −9(4) 
Mg16 120(2) 150(2) 130(2) −18(18) −13(17) 5(17) 
Pd4 114(4) 169(5) 119(5) 2(4) 38(4) 3(4) 
Mg17 170(2) 130(2) 140(2) −9(18) −21(18) 13(17) 
Mg18 150(2) 170(2) 140(2) −31(18) −28(18) 2(18) 
Mg19 110(2) 250(3) 70(2) −126(18) 33(16) −43(17) 
Mg20 180(2) 130(2) 170(2) −11(18) −3(18) 17(18) 
Mg21 130(2) 190(2) 100(2) −26(18) −14(17) 15(17) 
Pd5 221(6) 160(5) 265(6) −12(4) 45(5) 0 
Pd6 320(6) 157(5) 169(6) −32(5) −79(5) −6(4) 
Mg22 200(2) 210(2) 150(2) 20(2) −4(19) 12(19) 
Pd7 132(5) 149(5) 194(6) −6(4) −2(4) 16(4) 
Mg23 150(2) 160(2) 150(2) 50(18) 7(18) 5(18) 
Mg24 160(2) 120(2) 170(2) 15(18) −13(18) 3(17) 
Mg25 180(2) 140(2) 170(2) 16(18) 0 −10(18) 
Mg26 150(2) 200(2) 130(2) −25(19) −3(17) −10(18) 
Mg27 160(2) 190(2) 170(2) −27(19) −21(18) 24(19) 
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Mg28 210(2) 180(2) 130(2) 0 −4(18) −40(18) 
Mg29 120(2) 110(2) 120(2) −30(17) −1(17) −2(16) 
Pd8 168(5) 117(5) 103(5) 3(4) −5(4) −23(4) 
Mg30 200(2) 130(2) 160(2) 2(19) −29(19) 8(18) 
Mg31 150(2) 170(2) 110(2) −2(18) −1(17) 1(17) 
Mg32 160(2) 120(2) 150(2) −15(17) 15(18) −21(17) 
Mg33 140(2) 210(2) 100(2) −11(19) 6(17) 39(18) 
Mg34 180(2) 140(2) 140(2) −21(18) 12(18) −34(18) 
Pd9 158(5) 106(5) 119(5) −8(4) 5(4) 0 
Mg35 150(2) 190(2) 110(2) 24(18) −36(17) 16(18) 
Mg36 130(2) 110(2) 120(2) −36(17) 0 −26(17) 
Mg37 180(2) 130(2) 150(2) 25(18) −11(18) 14(18) 
Mg38 100(2) 150(2) 180(2) -13(17) 21(17) 35(18) 
Mg39 160(2) 130(2) 140(2) −11(18) 5(18) 20(17) 
Pd10 93(4) 125(5) 195(5) −11(4) 1(4) 13(4) 
Mg40 79(19) 120(2) 120(2) −7(16) 8(16) −12(16) 
Mg41 110(2) 130(2) 180(2) 21(17) −42(18) −37(17) 
Mg42 130(2) 130(2) 230(3) −51(18) 11(18) −22(18) 
Mg43 150(2) 220(3) 170(3) 10(2) 30(18) 10(19) 
Mg44 180(2) 120(2) 290(3) 67(19) 170(2) 110(2) 
Mg45 120(2) 140(2) 170(2) 5(17) −10(17) −1(18) 
Mg46 160(2) 120(2) 130(2) −3(18) 1(17) −11(17) 
Pd11 105(4) 169(5) 135(5) −17(4) 17(4) −6(4) 
Mg47 140(2) 180(2) 100(2) −5(18) 6(17) 2(17) 
Mg48 210(2) 210(2) 150(2) 0 −33(19) 13(19) 
Mg49 160(2) 150(2) 150(2) −19(18) 0 3(18) 
Mg50 150(2) 160(2) 90(2) 6(18) 9(17) −12(17) 
Mg51 100(2) 150(2) 170(2) −30(17) −5(17) 2(18) 
Pd12 145(5) 128(5) 142(5) −8(4) 1(4) 0 
Mg52 230(3) 130(2) 230(3) −15(19) 30(2) −18(19) 
Mg53 340(3) 100(2) 200(3) 0 150(2) −3(19) 
Mg54 160(2) 190(2) 130(2) 36(19) 40(18) 31(18) 
Mg55 100(2) 140(2) 140(2) −2(17) 200(16) −100(17) 
Mg56 770(12) 170(7) 230(8) 0 110(7) 0 
Mg57 210(4) 200(4) 210(4) 0 100(3) 0 
Mg58 380(5) 470(5) 200(4) 0 −40(4) 0 
Pd13 95(6) 229(8) 120(7) 0 −120(5) 0 
Mg59 100(3) 210(3) 200(4) 0 −30(3) 0 
Mg60 50(3) 130(3) 410(5) 0 −20(3) 0 
Pd14 127(7) 203(7) 101(7) 0 7(5) 0 
Mg61 70(3) 160(3) 180(3) 0 30(2) 0 
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Mg62 70(3) 50(3) 190(3) 0 −30(2) 0 
Mg63 240(4) 220(4) 70(3) 0 10(3) 0 
Mg64 110(3) 130(3) 180(3) 0 −10(2) 0 
Mg65 110(3) 80(3) 50(3) 0 50(2) 0 
Mg66 200(3) 110(3) 170(3) 0 −50(3) 0 
Mg67 160(3) 150(3) 160(3) 0 30(3) 0 
Mg68 170(3) 160(3) 130(3) 0 40(3) 0 
Mg69 120(3) 110(3) 190(3) 0 −20(3) 0 
Mg70 170(3) 180(3) 170(3) 0 10(3) 0 
Mg71 80(3) 240(4) 120(3) 0 0 0 
Pd15 142(7) 271(8) 159(8) 0 6(6) 0 
Pd16 105(6) 230(8) 97(7) 0 −6(5) 0 
Pd17 153(7) 297(9) 156(8) 0 9(6) 0 
Mg72 100(3) 200(3) 120(3) 0 0 0 
Mg73 120(3) 150(3) 80(3) 0 −20(2) 0 
Mg74 90(3) 200(3) 200(4) 0 0 −10(3) 
Pd18 253(8) 207(8) 103(7) 0 0 11(6) 
Mg75 150(3) 190(3) 120(3) 0 0  
Mg76 90(3) 170(3) 160(3) 0 0 −50(3) 
Pd19 210(7) 117(7) 122(7) 0 0 10(5) 
Mg77 220(4) 140(3) 240(4) 0 0 −10(3) 
Mg78 100(3) 180(4) 460(5) 0 0 130(3) 
Pd20 149(7) 131(7) 131(7) 0 0 −2(5) 
Mg79 130(4) 840(8) 190(4) 0 0 −160(4) 
Mg80 130(3) 120(3) 170(3) 0 0 −30(3) 
Mg81 180(3) 250(4) 160(4) 0 0 40(3) 
Mg82 240(4) 160(3) 300(4) 0 0 −40(3) 
Pd21 113(6) 131(7) 219(8) 0 0 −18(6) 
Mg83 390(5) 330(5) 400(5) 0 0 140(4) 
Mg84 150(4) 160(4) 580(6) 0 0 −20(4) 
Mg85 170(3) 180(3) 290(4) 0 0 −80(3) 
Mg86 110(3) 100(3) 190(3) 0 0 0 
Mg87 160(3) 160(3) 120(3) 0 0 −70(2) 
Mg88 90(3) 170(3) 300(4) 0 0 10(3) 
Pd22 302(9) 159(7) 185(8) 0 0 0 
Pd23 212(7) 98(6) 125(7) 0 0 −12(5) 
Mg89 180(3) 110(3) 130(3) 0 0 40(2) 
Mg90 180(3) 180(3) 150(3) 0 0 −40(3) 
Mg91 140(3) 110(3) 110(3) −30(2) 0 0 
Mg92 140(3) 140(3) 160(3)  0 0 
Pd24 129(6) 160(7) 89(7) −13(5) 0 0 
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Mg93 150(3) 90(3) 180(3) 0 −30(3) 0 
Mg94 180(3) 140(3) 80(3) 0 0 0 
Mg95 110(3) 220(3) 130(3) 0 0 −10(3) 
Mg96 120(3) 100(3) 110(3) 0 0 −10(2) 
Mg97 80(4) 190(5) 230(5) 0 0 0 
Pd25 98(9) 79(8) 88(9) 0 0 0 
Mg98 190(5) 210(5) 170(5) 0 0 0 
Pd26 140(10) 232(11) 143(11) 0 0 0 
Mg99 120(4) 190(5) 200(5) 0 0 0 
Pd27 93(9) 110(9) 88(9) 0 0 0 
M100 180(5) 130(4) 140(5) 0 0 0 
Pd28 82(8) 104(9) 100(9) 0 2(7) 0 
Pd29 74(8) 106 (9) 79(9) 0 0 0 
 
 
8.3 Supplementary material for ζ-Mg64Pd17 
 
Table 8.8: Crystal data and structure refinement of a single crystal of Mg64Pd17 isolated from 
sample No. 38.  
Alloy composition (at.% Mg) 79 (No. 38) 
Refined composition (at.% Mg) 78.4 
Formula/ Formula unit per cell (Z) Mg64Pd17/24 
Formula weight (g/mol) 10093.98 
Space group Fmmm 
a = 4857.29(2), b = 2805.32(4)  
Unit cell parameters (pm)  
c = 2798.59(5) 
Volume (106 pm3)  38134(9) 
Crystal size (µm3) 40 × 50 × 45 
ρcal (g/cm
3) 3.522 
µ (mm-1)  5.41 
Diffractometer, monochromator, scan mode Rigaku AFC-7 & Mercury-CCD, graphite, 
ω/ϕ, 
Radiation Mo Kα 
Wave length (pm)  71.069 
F(000) 37210 
Detector distance (mm) 41.81 
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Table 8.8: continued. 
θ-range  (o) 1.6 - 31 
Range in h, k, l - 44 < h < 67, - 40 < k < 40 ,  -38 < l < 32 
No. of reflections/unique 79362/15113 
Reflections with I > 2σ(I) 12296 
Rint/ Rσ  0.071/0.06 
No. of parameters/restraints 639/26 
Goodness of fit on F2 1.04 
R1/ wR2 [I > 2σ(I)] 0.103/ 0.1846 
R1/ wR2 (all data) 0.120/ 0.1962 
Max./min of residual peaks (e/Å3) 5.67(5)/- 4.39 
 
 
 
Table 8.9: Fractional atomic coordinates and equivalent isotropic displacement parameters of ζ-
Mg64Pd17 (sample No. 38); Uiso/Ueq (10
4 pm2).  
Atom Wyck. Site s.o.f. x y z Ueq 
Pd1A 8e ..2/m 1 1/4 1/4 0 144(3) 
Mg1B 16o ..m 1 0.25258(13) 0.1483(2) 0 298(9) 
Mg1C 16o ..m 1 0.19815(11) 0.2018(2) 0 226(9) 
Mg1D 32p 1 1 0.29359(9) 0.20623(16) 0.05504(15) 302(9) 
Mg1E 32p 1 1 0.2655(9) 0.20340(15) 0.41062(15) 294(8) 
Pd1F 32p 1 1 0.16688(2) 0.16780(4) 0.39909(3) 371(2) 
Pd1G 32p 1 0.805(3) 0.28010(2) 0.15961(4) 0.33300(4) 253(2) 
Mg1G 32p 1 0.195(3) 0.28010(2) 0.15961(4) 0.33300(4) 253(2) 
Pd1H 16o ..m 1 0.34755(3) 0.15504(4) 1/2 259(2) 
Pd1I 16o ..m 0.832(3) 0.24837(3) 0.05632(5) 1/2 220(3) 
Mg1I 16o ..m 0.168(3) 0.24837(3) 0.05632(5) 1/2 220(3) 
Mg1J 16o ..m 1 0.19729(12) 0.0915(2) 0 310(9) 
Mg1K 32p 1 1 0.19963(8) 0.09395(14) 0.44188(13) 216(7) 
Mg1L 32p 1 0.827(2) 0.23680(10) 0.09267(16) 0.09333(16) 202(7) 
Pd1L 32p 1 0.173(2) 0.24915(11) 0.08480(17) 0.09943(16) 202(7) 
Mg1M 32p 1 0.892(3) 0.18570(10) 0.25093(19) 0.34599(18) 229(9) 
Pd1M 32p 1 0.108(3) 0.18916(19) 0.2501(3) 0.3335(4) 229(9) 
Mg1N 32p 1 0.966(6) 0.14673(9) 0.24647(15) 0.05818(15) 266(9) 
Pd1N 16o ..m 0.034(6) 0.1460(8) 0.2518(15) 0 290(9) 
Mg1O 32p 1 1 0.21821(7) 0.15317(13) 0.34663(13) 200(7) 
Mg1P 32p 1 0.919(2) 0.32203(10) 0.15189(18) 0.40651(16) 274(8) 
Pd1P 32p 1 0.081(2) 0.3302(2) 0.1724(4) 0.4044(4) 274(8) 
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Mg1Q 16j ..2 1 1/4 1/4 0.30993(18) 189(9) 
Mg1R 16o ..m 0.920(3) 0.34402(17) 0.1555 (3) 0 157(9) 
Pd1R 16o ..m 0.080(3) 0.3472(4) 0.1500(8) 0 157(8) 
Mg1S 32p 1 1 0.30799(9) 0.07677(18) 0.33103(16) 362(9) 
Pd2A 4p mmm 1 0 0 0 142(4) 
Mg2B 16o ..m 1 0.45014(11) 0.0537(2) 1/2 231(9) 
Mg2C 16n .m. 1 0.46889(13) 0 0.4106(2) 315(9) 
Mg2D 16n .m. 0.935(8) 1/2 0.0873(2) 0.4452(2) 269(9) 
Pd2D 8h m2m 0.065(8) 1/2 0.1010(11) 1/2 310(9) 
Pd2E 16o ..m 1 0.09616(3) 0.09867(4) 0 262(2) 
Pd2F 16n .m. 0.822(3) 0.43981(3) 0 0.33281(5) 256(3) 
Mg2F 16n .m. 0.178(3) 0.43981(3) 0 0.33281(5) 256(3) 
Pd2G 16m m.. 0.667(4) 1/2 0.16597(10) 0.39825(10) 276(4) 
Pd2S 32p 1 0.166(18) 0.50848(15) 0.1657(3) 0.3995(3) 276(4) 
Mg2H 32p 1 1 0.44703(9) 0.15316(15) 0.44153(14) 270(8) 
Mg2I 8g 2mm 0.901(7) 0.10552(19) 0 0 254(9) 
Pd2I 16n .m. 0.049(3) 0.1025(5) 0 0.0592(9) 254(9) 
Mg2J 32p 1 0.903(2) 0.08539(9) 0.05892(17) 0.09390(16) 257(8) 
Pd2J 32p 1 0.097(2) 0.08263(19) 0.0846(3) 0.1016(3) 257(8) 
Mg2K 32p 1 0.890(3) 0.03183(7) 0.09402(11) 0.15793(14) 371(9) 
Pd2K 32p 1 0.110(3) 0.03183(7) 0.09402(11) 0.15793(14) 371(9) 
Mg2L 8i mm2 1 1/2 0 0.3093(3) 182(9) 
Mg2M 8h m2m 0.779(4) 1/2 0.19086(16) 1/2 250(9) 
Pd2M 8h m2m 0.221(4) 1/2 0.19086(16) 1/2 250(9) 
Mg2O 32p 1 1 0.44927(7) 0.05052(12) 0.25043(13) 173(6) 
Mg2P 16n .m. 1 0.38435(16) 0 0.3306(2) 368(9) 
Mg2Q 32p 1 1 0.09381(8) 0.09762(14) 0.19597(13) 231(7) 
Mg2R 32p 1 1 0.35774(9) −0.07326(18) 0.55075(16) 357(9) 
Pd3A 4b mmm 1 0 0 1/2 142(4) 
Mg3B 8h m2m 0.58(2) 0 0.6021(6) 0 330(3) 
Mg3C 16o ..m 0.318(19) 0.4484(4) 0.0487(7) 0 330(3) 
Mg3D 32p 1 0.288(10) 0.4570(3) 0.0432(6) 0.0545(6) 330(3) 
Mg3F 32p 1 0.288(10) 0.4839(3) 0.0478(6) 0.0866(6) 330(3) 
Mg3E 16m m.. 0.101(12) 1/2 0.084(2) 0.053(2) 330(3) 
Mg3Q 16n .m. 0.101(12) 0.0432(13) 0 0.566(2) 330(3) 
Pd3P 32p 1 0.772(6) 0.41853(3) 0.08210(5) 0.09839(5) 280(4) 
Mg3P 32p 1 0.228(6) 0.4255(5) 0.0746(8) 0.0892(8) 280(4) 
Pd3O 16m m.. 0.632(3) 0 0.33754(10) 0.09787(9) 275(6) 
Mg3O 16m m.. 0.368(3) 0 0.3495(5) 0.0910(5) 60(3) 
Mg3H 16n .m. 1 0.10428(14) 0 0.4429(2) 277(8) 
Mg3I 16o ..m 0.921(3) 0.40423(16) 0.0947(3) 0 159(8) 
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Pd3I 16o ..m 0.079(3) 0.4003(4) 0.0986(8) 0 159(7) 
Mg3J 32p 1 1 0.55182(9) 0.34316(18) 0.44318(17) 369(9) 
Mg3K 32p 1 0.888(3) 0.46697(11) 0.0993(2) 0.1550(2) 290(8) 
Pd3K 32p 1 0.112(3) 0.4698(2) 0.0903(4) 0.1675(4) 290(9) 
Mg3L 16n .m. 1 0.43429(12) 0 0.1536(2) 264(8) 
Mg3M 8i mm2 1 0 0 0.3100(3) 278(9) 
Mg3N 8h m2m 0.798(4) 1/2 0.30597(17) 1/2 241(9) 
Pd3N 8h m2m 0.202(4) 1/2 0.30597(17) 1/2 241(9) 
Pd4 8g 2mm 0.800(4) 0.16663(4) 0 0 228(4) 
Mg4 8g 2mm 0.200(4) 0.16663(4) 0 0 228(4) 
Pd5 16n .m. 0.812(3) 0.22208(7) 0 0.14380(10) 199(4) 
Mg5 16n .m. 0.188(3) 0.2233(14) 0 0.139(2) 199(4) 
Pd6 16n .m. 1 0.33074(3) 0 0.08552(4) 251(2) 
Pd7 16i 2.. 1 0.14988(2) 1/4 1/4 240(2) 
Pd8 16n .m. 1 0.09917(2) 0 0.25929(5) 244(2) 
Pd9 32p 1 0.817(3) 0.13883(4) 0.08301(6) 0.14392(7) 201(3) 
Mg9 32p 1 0.183(3) 0.1393(9) 0.0883(14) 0.1413(15) 201(3) 
Pd10 32p 1 1 0.449889(17) 0.15007(3) 0.24975(4) 259(9) 
Pd11 32p 1 1 0.299662(17) 0.10121(3) 0.24122(3) 239(9) 
Pd12 32p 1 0.885 (13) 0.41530(2) 0.24455(4) 0.41447(3) 266(2) 
Mg2 32p 1 0.115(13) 0.41530(2) 0.24455(4) 0.41447(3) 266(2) 
Mg6 8g 2mm 1 0.29662(17) 0 0 217(14) 
Mg7 16n .m. 1 0.22734(12) 0 0.4036(2) 266(11) 
Mg8 16n .m. 1 0.37049(11) 0 0.1609(2) 231(9) 
Mg10 16o ..m 1 0.15131(13) 0.0500(2) 1/2 318(9) 
Mg11 16m m.. 1 0 0.19042(19) 0.19397(19) 231(9) 
Mg12 32p 1 1 0.09587(8) 0.09491(14) 0.30905(13) 229(7) 
Mg13 16n .m. 1 0.28462(14) 0 0.4493(2) 345(9) 
Mg14 16m m.. 1 1/2 0.10263(18) 0.24923(19) 186(9) 
Mg15 16m m.. 1 0 0.1917(2) 0.3083(2) 243(9) 
Mg16 16n .m. 0.967(3) 0.20491(18) 0 0.2461(3) 214(9) 
Pd16 16i 2.. 0.033(3) 0.2043(11) 0 0.2372(19) 214(9) 
Mg17 16k .2. 1 0.04474(10) 1/4 1/4 174(9) 
Mg18 32p 1 1 1/4 0.14937(17) 1/4 158(9) 
Mg19 32p 1 0.976(3) 0.30086(11) 0.19865(19) 0.25192(17) 193(9) 
Pd19 32p 1 0.024(3) 0.2996 (10) 0.2024 (18) 0.2437(18) 193(9) 
Mg20 32p 1 1 0.56417(9) 0.30707(17) 0.33847(15) 323(9) 
Mg21 32p 1 1 0.15409(8) 0.15804(14) 0.19533(13) 232(7) 
Mg22 32p 1 1 0.34503(8) 0.15402(14) 0.19236(13) 216(7) 
Mg23 32p 1 1 0.37715(9) 0.24964(15) 0.16168(14) 293(8) 
Mg24 32p 1 1 0.36093(9) 0.08359(17) 0.09429(18) 361(9) 
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Mg25 32p 1 0.993(4) 0.39770(7) 0.19309(12) 0.24888(13) 182(7) 
Mg26 32p 1 1 0.35276(7) 0.05805(12) 0.25366(13) 188(7) 
Mg27 32p 1 1 0.18550(8) 0.05743(14) 0.33898(13) 223(7) 
Mg28 32p 1 1 −0.06323(9) 0.19106(16) 0.16190(14) 300(9) 
Mg29 32p 1 1 0.24776(8) 0.06025(13) 0.30574(13) 208(7) 
Mg30 16n .m. 0.794(3) 0.16665(17) 0 0.1155(3) 317(9) 
Pd30 32p 1 0.206(3) 0.16442(14) 0 0.0867(3) 317(9) 
Mg31 32p 1 0.885(13) 0.52790(10) 0.24956(19) 0.40518(18) 327(9) 
Pd31 32p 1 0.115(13) 0.52795(18) 0.2498(3) 0.3562(3) 327(9) 
Mg32 32p 1 0.885(13) 0.38935(10) 0.16856(18) 0.09457(17) 307(9) 
Pd32 32p 1 0.115(13) 0.38913(18) 0.1673(3) 0.1429(3) 307(9) 
Mg33 32p 1 0.885(13) 0.38609(9) 0.15809(15) 0.40293(15) 226(7) 
Pd33 32p 1 0.115(13) 0.38925(15) 0.1668(3) 0.3557(3) 226(7) 
Pd13 16o ..m 0.115(13) 0.0831(2) 1/4 0 224(9) 
Mg41 16o ..m 0.885(13) 0.05050(16) 0.2470(3) 0 387(9) 
Mg42 16o ..m 0.885(13) 0.10077(16) 0.2971(3) 0 348 (9) 
Mg43 16o ..m 0.885(13) 0.10176(13) 0.1939(2) 0 239 (9) 
 
 
 
Table 8.10: Anisotropic displacement parameters Uij (10
4 pm2) for ζ-Mg64Pd17 (sample No. 38). 
Atom  U11 U22 U33 U12 U13 U23 
Pd1A 130(6) 159(6) 143(6) 7(5) 0 0 
Mg1B 280(3) 270(3) 350(3) −10(2) 0 0 
Mg1C 200(2) 270(3) 200(2) −60(2) 0 0 
Mg1D 280(2) 340(2) 280(2) 30(9) −2 (16) 10(17) 
Mg1E 280(2) 310(2) 290(2) 9(9) 1(16) −10(17) 
Pd1F 323(5) 550(6) 241(4) −166(5) 1(4) 17(4) 
Pd1G 280(5) 266(5) 213(5) 27(4) 14(4) −17(4) 
Mg1G 280(5) 266(5) 213(5) 27(4) 14(4) −17(4) 
Pd1H 201(5) 246(6) 329(6) 10(4) 0 0 
Pd1I 174(6) 205(6) 283(7) −7(5) 0 0 
Mg1I 174(6) 205(6) 283(7) −7(5) 0 0 
Mg1J 230(3) 330(3) 370(3) 10(2) 0 0 
Mg1K 228(9) 243(9) 178(9) −15(9) −1(13) −13 (14) 
Mg1O 184(9) 203(9) 213(9) 4(9) 11(13) 30(13) 
Mg1Q 160(2) 190(2) 220(2) −23(9) 0 0 
Mg1S 280(2) 510(3) 290(2) −18(2) 67(17) −140 (2) 
Pd2A 133(9) 149(8) 145(9) 0 0 0 
Mg2B 190(2) 280(3) 220(2) 40(2) 0 0 
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Mg2C 280(3) 350(3) 310(3) 0 −20(2) 0 
Pd2E 199(5) 238(6) 350(6) −12(4) 0 0 
Pd2F 221(7) 323(7) 224(7) 0 −19(5) 0 
Mg2F 221(7) 323(7) 224(7) 0 −19(5) 0 
Mg2H 320(2) 265(9) 222(9) 41(16) -4(15) −5(15) 
Mg2K 242(9) 262(9) 610(2) 45(12) −109(9) -145(9) 
Pd2K 242(9) 262(9) 610(2) 45(12) −108(9) −145(15) 
Mg2L 170(3) 170(3) 210(3)  0 0 
Mg2O 155(9) 170(9) 196(9) −28(12) −11(12) 2(13) 
Mg2P 620(4) 220(3) 260(3) 0 -210(3) 0 
Mg2Q 194(9) 295(9) 204(9) −19(15) −11(13) −22(15) 
Mg2R 300(2) 460(3) 310(2) −8(2) −34(17) 80(2) 
Pd3A 134(9) 146(8) 146(9) 0 0 0 
Mg3H 440(3) 140(2) 260(3) 0 50(2) 0 
Mg3J 260(2) 470(3) 370(2) −179(19) 47(17) −70(2) 
Mg3L 320(3) 0180(2) 290(3) 0 −30(2) 0 
Mg3M 120(3) 180(3) 530(5) 0 0 0 
Mg3N 220(2) 240 (2) 260(2) 0 0 0 
Pd3N 220(2) 240(2) 260(2) 0 0 0 
Pd4 196(9) 219(9) 269(9) 0 0 0 
Mg4 196(9) 219(9) 269(9) 0 0 0 
Pd6 361(7) 224(5) 167(5) 0 −21(4) 0 
Pd7 144(5) 206(5) 370(6) 0 0 −35(5) 
Pd8 150(5) 258(5) 325(6) 0 −33(4)  
Pd10 194(4) 180(4) 397(5) 25(3) 15(3) 9(3) 
Pd11 189(4) 186(4) 340(4) 31(3) 3(3) −45(3) 
Pd12 290(5) 302(5) 206(4) 95(4) 12(3) 31(4) 
Mg2 290(5) 302(5) 206(4) 95(4) 12(3) 31(4) 
Mg6 300(4) 210(3) 140(3) 0 0 0 
Mg7 330(3) 170(2) 300(3) 0 0 0 
Mg8 190(2) 230(2) 270(3) 0 −70(2) 0 
Mg10 350(3) 390(3) 210(3) −30(3) 0 0 
Mg11 270(3) 210(2) 210(2) 0 0 −40(2) 
Mg12 225(9) 253(9) 210(9) −12(14) 26(9) 2(14) 
Mg13 370(3) 330(3) 330(3) 0 −80(3) 0 
Mg14 120(2) 210(2) 230(2) 0 0 −17 (19) 
Mg15 230(3) 250(3) 240(3) 0 0 30(2) 
Mg17 230(2) 120(2) 170(2) 0 0 25(17) 
Mg18 140(2) 170(2) 160(2) 0 29(17) 0 
Mg20 270(2) 410(2) 290(2) −97(18) 8(16) 10(18) 
Mg21 207(9) 270(9) 217(9) −34(14) 7(13) 20(15) 
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Mg22 192(9) 260(9) 195(9) 21(14) 0.0002 (13) 6(14) 
Mg23 400(2) 272(9) 206(9) 26(18) −12(16) 304(15) 
Mg24 220(2) 400(2) 460(3) 74(18) 35(18) 130(2) 
Mg25 128(9) 193(9) 225(9) 37(12) 5(12) −16(13) 
Mg26 164(9) 176(9) 223(9) 37(13) 16(13) −7(13) 
Mg27 222(9) 244(9) 202(9) −34(14) 7(13) 60(14) 
Mg28 330(2) 330(2) 239(9) −56(17) −(16) −39(16) 
Mg29 210(9) 209(9) 204(9) 22(14) 6(13) −10(13) 
 
8.4 Supplementary material for η-Mg3Pd 
Table 8.11: Crystal data and structure refinement of single crystals of Mg3Pd isolated from 
samples annealed at 600 oC.  
Alloy composition (at.% Mg) 76 (No. 48, γ  + ζ + η) 74 (No. 57, η + θ)                                                            
Refined composition (at.% Mg) 75.0 74.9(1) 
Formula Mg3Pd Mg2.98(1)Pd  
Formula weight (g/mol) 179.33 178.88 
Space group P63cm P63cm  
a = 798.65(8)   a = 798.36(8) 
Unit cell (pm)  
c = 842.68(9) c = 842.24(13) 
Volume (106 pm3)  465.49 (8) 464.90 (10) 
Formula unit per cell (Z) 6 6  
Crystal size (µm3) 27 × 58 × 85 30 × 62 × 74  
ρcal (g/cm
3) 3.838  3.834 
µ (mm-1)  6.258 6.262 
Diffractometer, monochromator Rigaku AFC-7& Mercury 
CCD, graphite  
Rigaku AFC-7& Mercury 
CCD, graphite  
Radiation, wave length (pm) Mo Kα, 71.069 Mo Kα, 71.069 
Scan mode  ω/ϕ ω/ϕ 
Detector distance (mm) 40.225 42.08 
F(000) 492 491 
θ-range  (o) 2.4 - 30 2.4 - 34 
Range in h, k, l 
-11 < h < 9 
-6 < k < 11 
-11 < l < 11 
 -11 < h < 11 
-11 < k < 11 
-12 < l < 13 
No. of reflections/unique 3392/507 4185/627 
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Table 8.11: continued. 
Reflections with I > 2σ(I) 453  556  
Rint/Rσ 0.0501/0.0284 0.0267/0.0215 
No. of parameters 25 28 
Goodness of fit on F2 1.094 1.101 
R1/ wR2 [I > 2σ(I)]  0.0271/0.0613 0.0226/0.0579 
R1/ wR2 (all data)  0.0312/0.0629 0.0270/0.0615 
Extinction coefficient - 0.00497(2) 
Flack parameter 0.48(17) 0.55(12) 
Max./min. residual peaks (e/Å3) 2.128(1)/-0.679(1) 1.759(1)/-0.739(1) 
 
 
 
 
 
 
 
 
 
 
 
 
Table 8.12: Fractional atomic coordinates and equivalent isotropic displacement parameters of η-
Mg3Pd, Ueq (10
4 pm2). E.s.d.’s are given in parentheses. The single crystals were isolated from 
sample No.  48 (76 at.% Mg); No. 57 (74 at.% Mg) annealed at 600 oC. 
No. Atom Site x y z Ueq 
48 0.3286(9) 0 0.0660(2) 136(2) 
57 
Pd1 6c 
0.3291(5) 0 0.0662(7) 134(2) 
48 0.3759(2) 0 0.3957(9) 281(8) 
57 
Mg2 6c 
0.3759(2) 0 0.3956(3) 309(5) 
48 0.7163(4) 0 0.2396(9) 232(7) 
57 
Mg3 6c 
0.7161(3) 0 0.2393(3) 234(4) 
48 1/3 2/3 0.1126(5) 287(2) 
57 
Mg4 4b 
1/3 2/3 0.1106(4) 303(9) 
48 0 0 0 203(2) 
57 
Mg5 2a 
0 0 0 202(8) 
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Table 8.13: Anisotropic displacement parameters Uij (10
4 pm2) for η-Mg3Pd obtained from 
samples: No.  48 (76 at.% Mg); No. 57 (74 at.% Mg) annealed at 600 oC. 
No. Atom U11 U22 U33 U12 U13 U23 
48                  137(2) 148(3) 129(2) 73.8(2) 7(3) 0 
57              
Pd1 
128(2) 145(2) 135(2) 72.4(9) 12(2) 0 
48             249(9) 570(2) 131(2) 286 (2) -37(2) 0 
57             
Mg2 
283(6) 602(2) 150(9) 301(7) -27(8) 0 
48              298(2) 250(2) 132(2) 125(8) 9(2) 0 
57              
Mg3 
278(7) 245(9) 167(8) 123(4) 10(7) 0 
48             109(8) 109(8) 640(1) 55(4) 0 0 
57            
Mg4 
110(5) 110(5) 690(1) 55(3) 0 0 
48             147(2) 147(2) 320(3) 74(3) 0 0 
57             
Mg5 
129(8) 129(8) 349(2) 64(4) 0 0 
 
 
8.5 Supplementary material for θ-Mg5Pd2 
 
Table 8.14: Anisotropic displacement parameters Uij (10
4 pm2) for Mg5Pd2 (sample No. 81); 
Mg5Pd1.92, (sample No. 65) and Mg5Pd1.88 (sample No. 59) annealed at 430 
oC. 
No. Atom U11 U22 U33 U12 U13 U23  
81 
65 
59 
Mg1 
151(3) 
160(3) 
155(4) 
160(5) 
175(4) 
177(6) 
130(4) 
136(6) 
139(5) 
80(2) 
88(2) 
89(3) 
-18.8(2) 
-17.1(2) 
-14(2) 
-38(4) 
-34(3) 
-28(4) 
81 
65 
59 
Mg2 
119(4) 
124(4) 
117(5) 
164(7) 
184(6) 
178(8) 
176(7) 
181(7) 
173(7) 
82(4) 
92(3) 
89(3) 
0 
0 
0 
0 
0 
0 
81 
65 
59 
Pd1 
140.2(2) 
150.3(2) 
154.3(2) 
117(2) 
114.5(2) 
115.5(2) 
98.8(2) 
106.1(2) 
116.1(2) 
58.5(1) 
57.3(7) 
57.7(1) 
0 
0 
0 
0 
0 
0 
81 
65 
59 
Pd2 
133.7(2) 
125.4(2) 
122(3) 
133.7(2) 
125.4(2) 
122(3) 
146(2) 
143(3) 
154(4) 
66.8(1) 
62.7(1) 
61.2(2) 
0 
0 
0 
0 
0 
0 
81 
65 
59 
Mg3 
118(6) 
124(6) 
112(7) 
118(6) 
124(6) 
112(7) 
129(1) 
153(1) 
199(2) 
59(3) 
62(3) 
56(4) 
0 
0 
0 
0 
0 
0 
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Table 8.15: Anisotropic displacement parameters Uij (10
4 pm2) for Mg5Pd2 (sample No. 79); 
Mg5Pd1.97  (sample No. 69) and Mg5Pd1.92 (sample No. 63) annealed at 600 
oC. 
No. Atom U11 U22 U33 U12 U13 U23  
79 
69 
63 
Mg1 
153(4) 
150(3) 
153(3) 
153(5) 
157(5) 
174(4) 
124(5) 
128(4) 
144(4) 
77(2) 
78(2) 
87(2) 
-16.2(2) 
-17.7(2) 
-17.5(2) 
-32(4) 
-35(3) 
-35(3) 
79 
69 
63 
Mg2 
117(5) 
119(4) 
125(4) 
170(7) 
179(7) 
193(6) 
164(7) 
188(6) 
190(7) 
85(4) 
89(4) 
97(3) 
0 
0 
0 
0 
0 
0 
79 
69 
63 
Pd1 
133.9(2) 
136.3(1) 
152.1(2) 
110(2) 
103.9(2) 
118.4(2) 
91.1(2) 
95.8(1) 
113.1(2) 
55(1) 
52(1) 
59.2(1) 
0 
0 
0 
0 
0 
0 
79 
69 
63 
Pd2 
131.7(2) 
116.5(2) 
123(2) 
131.7(2) 
116.5(2) 
123(2) 
140(3) 
136(2) 
144(3) 
65.9(1) 
58.3(1) 
61.7(1) 
0 
0 
0 
0 
0 
0 
79 
69 
63 
Mg3 
117(7) 
109(6) 
123(6) 
117(7) 
109(6) 
123(6) 
127(1) 
143(1) 
208(1) 
58(3) 
55(3) 
61(3) 
0 
0  
0 
0 
0 
0 
 
 
 
Table 8.16: Crystal data and structure refinement of a single crystal of Mg5Pd1.95 isolated from the 
sample No. 56 (heated at 670 oC) prepared by use of the melt centrifugation method.  
Alloy composition (at.% Mg) 74 (No. 56) 
Refined composition (at.% Mg) 71.9 
Formula Mg5Pd1.95 
Formula weight (g/mol) 328.76 
Space group P63/mmc 
a = 865.72(5)   
Unit cell (pm)  
c = 818.27(9) 
Volume (106 pm3)  531.11 (2) 
Formula unit per cell (Z) 4 
Crystal size (µm3) 54 × 58 × 70 
ρcal (g/cm
3) 4.113  
µ (mm-1)  7.02 
Diffractometer, monochromator, scan mode Rigaku AFC-7 & Mercury CCD, graphite, ω /ϕ  
Radiation, wave length (pm) Mo Kα , 71.073 
Detector distance (mm) 42.42 
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Table 8.16: continued. 
θ-range  (o) 2.5 - 33.14 
Range in h, k, l -12 < h < 9, -12 < k < 12, -10 < l < 11 
No. of reflections/unique 4732/4732 
Reflections with I > 2σ(I) 4316  
Rint/ Rσ  0.01/0.038 
No. of parameters 21  
Goodness of fit on F2 1.14 
 R1/ wR2 [I > 2σ(I)] 0.0239/0.0542 
R1/ wR2 (all data) 0.0270/ 0.0569 
Extinction coefficient 0.0009 (2) 
Max./min of residual peaks (e/Å3) 0.930(2)/-0.930(2) 
 
 
 
 
 
Table 8.17: Fractional atomic coordinates and equivalent isotropic displacement parameters 
(Uiso/Ueq in 10
4 pm2) of Mg5Pd1.95 (sample No. 56). 
Atom Site s.o.f. x y z Uiso/Ueq 
Mg1 12k 1 0.19459(3) 0.38918(6) 0.06277(6) 151(1) 
Mg2 6h 1 0.54150(4) 0.08300(9) 1/4 145(1) 
Pd1 6h 1 0.87710(2) 0 1/4 134(5) 
Pd2 2c 0.865(9) 1/3 2/3 1/4 136(9) 
Mg3 2a 1 0 0 0 139(2) 
 
 
 
 
Table 8.18: Anisotropic displacement parameters Uij (10
4 pm2) for Mg5Pd1.95 (sample No. 56). 
Atom U11 U22 U33 U12 U13 U23 
Mg1 161(1) 172(2) 126(2) 85.6(2) -16.9(9) -33.9(2) 
Mg2 118(2) 176(3) 161(4) 87.9(2) 0.000 0.000 
Pd1 157(6) 128(7) 109(9) 64.1(4) 0.000 0.000 
Pd2 133(1) 133(1) 143(2) 66.3(5) 0.000 0.000 
Mg3 118(3) 118(3) 182(6) 59.1(6) 0.000 0.000 
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Table 8.19: Selected interatomic distances (pm) in the crystal structure of Mg5Pd1.95 isolated from 
sample No. 56.  
Mg1: 1 Pd1 277.6(5)  1 Mg3 296.2(4)   4 Mg1 297.9(4) 
 2 Pd1 297.9(4) Mg2: 2 Pd1 274.8(1)   2 Pd1 319.1(5)   
 1 Pd2 258.3(5)  1 Pd2 312.1(1)  Pd2: 6 Mg1 258.3(1) 
 1 Mg1 306.4(1)  4 Mg1 324.0(1)  3 Mg2 312.1(1) 
 2 Mg1 309.3(1)  4 Mg1 315.0(1) Mg3: 6 Pd1 275.3(1) 
 2 Mg1 360.3(1)   2 Mg2 325.0(1)  6 Mg1 296.2(1)  
 2 Mg2 315.0(1) Pd1: 4 Mg2 274.8(1)    
 2 Mg2 324.0(1)  2 Mg1 277.6(5)    
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8.6 Supplementary X-ray powder patterns  
The X-ray powder patterns shown (Cu Kα1) in this section were not presented in the main 
body text. In most cases, patterns calculated using the program winXpow are overlaid. 
Intensity and profile parameters were chosen to match the corresponding phases roughly.   
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 8.20: X-ray powder pattern of an alloy containing 90 at.% Mg (No. 6) annealed at 500 oC: 
the X-ray pattern revealed two phases: α and β; the calculated pattern of the β-phase (red) is 
shown with a(β) = 2019.90(6) pm. 
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Fig. 8.21: X-ray powder pattern of an as-cast alloy (w.q.m.) containing 83 at.% Mg (No. 19): the 
X-ray pattern revealed two phases: β and γ; the calculated pattern of the β-phase (red) and the γ-
phase (blue) are shown with a(β) = 2005.75(4) pm, a(γ) = 1406.16(3) pm. 
8. Appendix 
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Fig. 8.22: X-ray powder pattern of an alloy containing 83 at.% Mg (No. 16) annealed at 500 oC 
for three weeks: the X-ray pattern revealed β and ε as the majority phases, γ in traces; the 
calculated pattern of β (red) and ε (blue) are shown with a(β) = 2004.5(9) pm, a(ε) = 2806.9(6) 
pm, b(ε) = 2807.7(6) pm and c(ε) = 3844.0(10) pm.  
8. Appendix 
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Fig. 8.23: X-ray powder patterns of as-cast alloys with nominal compositions between 83 at.% 
Mg and 79 at.% Mg; the pattern of each sample was already shown in the body text. Sample No. 
19 containing 83 at.% Mg revealed two phases: β and γ. Sample No. 23 containing 82 at.% Mg 
revealed γ as the majority phase and the β-phase in traces. Sample No. 26 containing 81 at.% Mg 
revealed γ as the majority phase and the ζ-phase in traces. Sample No. 30 containing 80 at.% Mg 
revealed three majority phases: γ, ζ and η; traces of the β-phase appears because of the eutectoid 
decomposition of the γ-phase which take place if the quenching process is not fast enough. 
Sample No. 34 containing 79 at.% Mg revealed three phases γ, ζ and η. 
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Fig. 8.24: X-ray powder patterns of alloys with nominal compositions between 83 at.% Mg and 
79 at.% Mg annealed at 500 oC for three weeks. Sample No. 21 containing 83 at.% Mg revealed 
three phases: β, γ and ε. Sample No. 24 containing 82 at.% Mg again revealed three phases: β, γ 
and ε. Sample No. 27 containing 81 at.% Mg revealed three phases: γ, ε and ζ. Sample No. 32 
containing 80 at.% Mg revealed three phases: γ, ε and ζ. Sample No. 39 containing 79 at.% Mg 
revealed two phases: ε and ζ. The eutectoid decomposition of the γ-phase is slow. 
8. Appendix 
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Fig. 8.25: X-ray powder patterns for an alloy containing 80 at.% Mg annealed at 500 oC (No. 32). 
The X-ray pattern prior (black) and after the DSC (red) are shown together with a calculated 
pattern of the η-phase (blue). Not shown are peaks for the β-, ε-, γ- and ζ-phases which are also 
present. 
8. Appendix 
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Fig. 8.26: X-ray powder pattern of an as-cast alloy (w.q.m.) containing 79 at.% Mg (No. 34). The 
X-ray pattern revealed three majority phases: γ (brown), ζ (pink) and η (red) and also traces of 
the θ-phase (blue). 
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Fig. 8.27: X-ray powder pattern of an as-cast alloy (s.c.d.) containing 79 at.% Mg (No. 35). The 
X-ray pattern revealed ζ (red) and η (blue). 
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Fig. 8.28: X-ray powder pattern of an alloy containing 79 at.% Mg annealed at 575 oC (No. 37). 
The X-ray pattern consists of single ζ-phase (top). A calculated pattern is shown at the bottom. 
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Fig. 8.29: (a) X-ray powder pattern of an alloy containing 79 at.% Mg (No. 37) prior DSC. The 
pattern revealed a pure phase of ζ; (b) X-ray pattern of the same sample after DSC showing the ζ- 
and the η-phases. 
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Fig. 8.30: X-ray powder pattern of an as-cast alloy (w.q.m.) containing 78 at.% Mg (No. 41). The 
X-ray pattern revealed three phases: γ (pink), ζ (red) and η (blue). 
N
o.
 4
1 
(7
8 
at
. %
 M
g)
ze
ta
et
a
ga
m
m
a
8. Appendix 
 
 
  
293
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 8.31: X-ray powder pattern of an as-cast alloy (s.c.d.) containing 78 at.% Mg (No. 42). The 
X-ray pattern revealed two phases: ζ (blue) and η (red). 
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Fig. 8.32: X-ray powder pattern of an as-cast alloy (w.q.m.) containing 76 at.% Mg (No. 45). The 
X-ray pattern revealed four phases: γ (pink), ζ (brown),  η (red) and θ (blue). 
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Fig. 8.33: X-ray powder pattern of an as-cast alloy (s.c.d.) containing 76 at.% Mg (No. 46). The 
X-ray pattern revealed two phases: ζ (red) and η (blue). 
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Fig. 8.34: X-ray powder pattern of an as-cast alloy (w.q.m.) containing 75 at.% Mg (No. 50). The 
X-ray pattern revealed three phases: γ (pink), η (red) and θ (blue). 
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Fig. 8.35: X-ray powder pattern of an as-cast alloy (s.c.d.) containing 75 at.% Mg (No. 51). The 
X-ray pattern revealed two phases: η (red) and θ (blue). 
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8.7 Supplementary DSC curves. 
 
 
 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 8.36-1 and 8.37-2: Selected DSC measurements (heating and cooling rates of 5 K/min) 
performed on alloys containing 98 at.% Mg (No. 1) and 94 at.% Mg (No. 2). 
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Fig. 8.38-3 and 8.39-4: Selected DSC measurements (heating and cooling rates of 5 K/min) 
performed on alloys containing 92 at.% Mg (No. 3) and 91 at.% Mg (No. 4). 
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Fig. 8.40-5 and 8.41-6: Selected DSC measurements (heating and cooling rates of 5 K/min) 
performed on alloys containing 90 at.% Mg (as-cast, No. 5) and 90 at.% Mg (annealed at 500 oC, 
No. 6). 
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Fig. 8.42-7 and 8.43-9: Selected DSC measurements (heating and cooling rates of 5 K/min) 
performed on alloys containing 88 at.% Mg (No. 7) and 87 at.% Mg (No. 9). 
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Fig. 8.44-10 and 8.45-14: Selected DSC measurements (heating and cooling rates of 5 K/min) 
performed on alloys containing 86 at.% Mg (No. 10) and 86.3 at.% Mg (No. 14). 
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Fig. 8.46-17 and 8.47-18: Selected DSC measurements (heating and cooling rates of 5 K/min) 
performed on alloys containing 85 at.% Mg (No. 17) and 84 at.% Mg (No. 18). 
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Fig. 8.48-19 and 8.49-21: Selected DSC measurements (heating and cooling rates of 5 K/min) 
performed on alloys containing 83 at.% Mg (No. 19) and 83 at.% Mg (annealed at 500 oC, No. 
21). 
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Fig. 8.50-22 and 8.51-23: Selected DSC measurements (heating and cooling rates of 5 K/min) 
performed on alloys containing 82 at.% Mg (No. 22) and 82 at.% Mg (No. 23). 
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Fig. 8.52-26 and 8.53-28: Selected DSC measurements (heating and cooling rates of 5 K/min) 
performed on alloys containing 81 at.% Mg (as-cast, No. 26) and 81 at.% Mg (annealed at 430 
oC, No. 28). 
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Fig. 8.54-27 and 8.55-32: Selected DSC measurements (heating and cooling rates of 5 K/min) 
performed on alloys containing 81 at.% Mg (annealed at 500 oC, No. 27) and 80 at.% Mg 
(annealed at 500 oC, No. 32). 
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Fig. 8.56-33 and 8.57-36: Selected DSC measurements (heating and cooling rates of 5 K/min) 
performed on alloys containing 80 at.% Mg (annealed at 430 oC, No. 33) and 79 at.% Mg 
(annealed at 575 oC, No. 36). 
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Fig. 8.58-40 and 8.59-43: Selected DSC measurements (heating and cooling rates of 5 K/min) 
performed on alloys containing 79 at.% Mg (annealed at 430 oC, No. 40) and 78 at.% Mg (No. 
43). 
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Fig. 8.60-52 and 8.61-53: Selected DSC measurements (heating and cooling rates of 5 K/min) 
performed on alloys containing 74.9 at.% Mg (No. 52) and 75.1 at.% Mg (No. 53). 
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Fig. 8.62-57 and 8.63-58: Selected DSC measurements (heating and cooling rates of 5 K/min) 
performed on alloys containing 74 at.% Mg (annealed at 600 oC, No. 57) and 74 at.% Mg 
(annealed at 500 oC, No. 58). 
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Fig. 8.64-65 and 8.65-67: Selected DSC measurements (heating and cooling rates of 5 K/min) 
performed on alloys containing 73 at.% Mg (No. 65) and 72 at.% Mg (as-cast, No. 67). 
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Fig. 8.66-69 and 8.67-79: Selected DSC measurements (heating and cooling rates of 5 K/min) 
performed on alloys containing 72 at.% Mg (annealed at 600 oC, No. 69) and 70 at.% Mg (No. 
79). 
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Fig. 8.68-84 and 8.69-85: Selected DSC measurements (heating and cooling rates of 5 K/min) 
performed on alloys containing 66.7 at.% Mg (5 K/min, No. 84) and 66.7 at.% Mg (10 K/min, 
No. 85). 
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Fig. 8.70-94 and 8.71-97: Selected DSC measurements (heating and cooling rates of 5 K/min) 
performed on alloys containing 60 at.% Mg (No. 94) and 53 at.% Mg (No. 97). 
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Fig. 8.72-100: DSC measurement (heating rate of 5 K/min) performed on an alloy containing 51 
at.% Mg (No. 100). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 8.73: selected results of the study of the influence of the heating and cooling rates (2, 5, 10, 
and 20 K/min) during DSC measurements performed on the alloy containing 86.3 at.% Mg 
(sample No. 14).  
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Fig. 8.74: selected results of the study of the influence of the heating and cooling rates (2, 5, 10, 
and 20 K/min) during DSC measurements performed on the alloy containing 73 at.% Mg (sample 
No. 65). 
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8.8 Supplementary microstructures. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 8.75: Microstructure (BSE image) of an alloy containing 60 at.% Mg annealed at 600 oC 
showing two phases: κ and ι, and Ta impurities. The image shows what happens in case of a too 
rapid alloying process.  
ι-phase 
Tantalum impurities κ-phase 
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Fig. 8.76: BSE image of an alloy containing 60 at.% Mg annealed at 500 oC (No. 95) showing 
two phases: κ (EDXS: 50.8 at.% Mg for 10 × 10 µm2) and ι (EDXS: 65.6 at.% Mg for 20 × 20 
µm2). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 8.77: BSE image of an alloy containing 74 at.% Mg annealed at 430 oC (No. 59) showing 
two phases: θ (EDXS: 72.5 at.% Mg for 10 × 10 µm2) and η (EDXS: 74 at.% Mg for 20 × 20 
µm2). 
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θ-phase 
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Fig. 8.78: BSE image of an alloy containing 87.3 at.% Mg annealed at 530 oC (No. 12) showing a 
pure phase of β. EDXS: 86.8(5) at.% Mg for 10 × 10 µm2. 
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